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PREFACE

eat shock proteins (HSPs), also called stress proteins, are not only

induced in response to elevated temperatures, but also as a result of

various stress situations, including environmental strains, viral
infection, ischemia, anoxia and oxidative stress. These stress situations trigger
cellular defence mechanisms that act as an emergency system capable of
combatting the toxic consequences due to the accumulation of misfolded
proteins.

Heat shock proteins are involved in many physiological processes,
including development and differentiation, organisation of the cytoarchi-
tecture by binding to cytoskeletal elements and regulation of the balance
between cell death and survival. Many heat shock proteins work as molecular
chaperones. In this role, they contribute to in vivo protein folding and
prevent nonproductive interactions with other proteins and cellular com-
ponents. In recent years it has been found that the chaperone system and
the proteolytic machinery work closely together, and that proteasomal in-
hibition causes the upregulation of stress proteins. Impairment of the
proteasomal machinery and chaperone functions lead to protein damage,
which contributes to neurodegenerative disorders and to the aging process.

The brain is the most sensitive target for traumatic events. Many dis-
orders of the nervous system are caused by intracellular or extracellular de-
posits of protein aggregates. Stress responses in the brain, as monitored by
the induction of heat shock proteins, occur in distinct regions and affect
nerve cells and glia in a cell-type-specific manner. Hence, stress proteins
may serve as biomarkers and provide diagnostic tools that allow us to iden-
tify stress specificity and localize pathological processes. Their critical in-
volvement during neurodegeneration in brain disorders, such as Alzheimers,
Parkinson’s and Huntington’s diseases, and multiple sclerosis, makes them
promising candidates for therapeutic intervention and drug development.

The authors of this book address the role of heat shock proteins and
cellular stress responses in the brain, with a major focus on nerve cells and
glia, namely oligodendrocytes and astrocytes. Chapter 1 summarizes the clas-
sification and functional roles of heat shock proteins which are particularly
abundant in brain cells. The next chapters deal with the physiological func-
tions of heat shock proteins in the regulation and maintenance of the cy-
toskeleton (Chapter 2), their role in the regulation of neuronal differentia-
tion and development (Chapter 3), and cell death (Chapters 4 and 5). Chapter
4 discusses the specific antioxidant capacity of the small stress protein HSP32
(the heme oxygenase-1), a heat shock protein with enzymatic functions. This
chapter also highlights acetylcarnitine, a compound with neuroprotective
benefits. Chapter 5 concentrates on the role of heat shock proteins in the
regulation of programmed cell death in association with neurodegenerative



disorders. In particular, the authors review their interference with apoptotic
pathways and damage of the mitochondria, which play a key role during
apoptosis. The following three chapters concentrate on heat shock proteins
in neuropathological processes: Chapter 6 deals with the basic cellular role
of the ubiquitin/proteasome pathway and its cooperation with the chaper-
one system, which is required to prevent the development of potentially
toxic protein aggregates. Chapter 7 summarizes how stress proteins counter-
act common pathologies of “folding diseases” by reversing early synaptic and
axonal abnormalities. Chapter 8 demonstrates the potential impact of cer-
tain families of heat shock proteins in multiple sclerosis, emphasizing their
role in the generation of the immune response in more chronic phases of the
disease process.

Research in the field of heat shock proteins is very active, and the au-
thors of this book hope that their contributions will help neuroscientists
bring together disparate data sets and develop new experimental strategies
that will further elucidate the roles of HSPs in the nervous system during

health and disease.

Christiane Richter-Landsberg
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CHAPTER 1

Heat Shock Proteins:
Expression and Functional Roles in Nerve Cells and Glia
Christiane Richter-Landsberg*

Abstract

eat shock proteins (HSPs) or so called stress proteins have muldfunctional roles and
H are involved in many physiological processes, such as cell cycle control, cell prolifera-

tion, development, organisation of the cytoarchitecture, regulation of cell death and
survival, and play regulatory roles in cellular aging and longevity. They participate in protein
synthesis, protein folding, transport and translocalization processes, by acting as molecular
chaperones. As a result of a variety of stress situations, HSPs accumulate and help to prevent
protein misfolding and aggregation, provide tolerance against further stress situations, and
cooperate with the ubiquitin proteasome system during protein quality control. HSPs are dif-
ferentially expressed in nerve cells and glia, and cell type specific responses to various stressors
are observed. Stress proteins may serve as biomarkers to identify stress specificity and localize
pathological processes, leading to cell and organelle damage in the nervous system. They can be
used as neuropathological markers and are promising targets for therapeutic intervention and
drug development.

Introduction

Heat shock proteins (HSPs) also termed stress proteins are a large group of highly conserved
proteins which are found in plant, bacterial, yeast and mammalian cells. During stressful situ-
ations, such as hyperthermia, ischemia, anoxia, viral infection, oxidative and environmental
stress, HSP production is transiently increased providing cytoprotection and physiological de-
fense against harmful cellular stress, which may confer tolerance against further stress situa-
tions. HSPs have multifunctional roles in eukaryotic cells, and under physiological and
nonphysiological conditions are involved in maintenance of the cell cycle and regulation of cell
proliferation, regulation of gene exgression and developmental processes by interacting with
signaling transduction molecules,>* organisation of the cytoarchitecture by binding to and
stabilization of cytoskeletal elements (Fig. 1).>8 Moreover, they play regulatory roles in cellular
aging and longevity, and direct cells to apoptosis or necrosis.””!? Several of these issues will be
addressed in the following chapters of this volume.

HSPs are classified according to their molecular weights, and are divided into five major
families: HSP100, HSP90, HSP70, HSP60 and the small HSPs (sHSPs) including aB-crystallin
with molecular weights ranging from 12 to 43 kDa.'"'? Furthermore members of the
glucose-regulated proteins (Grps) are markers for stress responses, they are induced by pertur-
bation of the endoplasmatic reticulum.'® One large group of HSPs, including HSP90, HSP70,
HSP40 and sHSPs funcrion as molecular chaperones and participate in protein synthesis, protein

*Christiane Richter-Landsberg—Department of Biology, Molecular Neurobiology,
University of Oldenburg, POB 2503, D-26111 Oldenburg, Germany.
Email: Christiane.Richter.Landsberg@Uni-Oldenburg.de
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Non Stress Conditions Environmental Stress
development/ differentiation heat shock
cell cycle/ cell proliferation heavy metals
cytoskeletal organisation amino acid analogues
signal transduction reactive oxygen species
gene expression inhibitors of energy metabolism

Regulation of

Heat Shock
¥ Proteins ¥

Pathophysiological State

neuronal injury hypertrophy
aging/cell death oxidant injury
ischemia / hypoxia fever / inflammation

tissue injury / repair  viral-/bacterial infection

Figure 1. Heat shock proteins (HSPs) have multifunctional roles during health and disease. HSPs are
modulated under physiological and nonphysiological conditions, and the expression of constitutive and
inducible HSPs is regulated during cellular responses.

folding, transport and translocalization processes, and upon stress prevent irreversible aggrega-
tion of proteins (Fig. 2). Some of them show a broad specificity of binding to nonnative pro-
teins, rclativel;r stable complexes are formed and dissociated by the binding and/or hydrolysis
of ATR'"1415 Chaperones also prevent nonproductive interactions with other proteins and
cellular components, such as the cytoskeleton and cell membranes. They bind to transiendy
exposed hydrophobic surfaces in proteins, shielding them from unwanted, aberrant interac-
tions with other proteins, in an attempt to prevent the accumulation of aggregated or misfolded
proteins. Overexpression of HSPs in a variety of yeast and mammalian cells was not successful
in preventing protein aggregate formation, but reduced cytotoxicity and protected against de-
generation. Hence, molecular chaperones possibly are important in modulating the aggrega-
tion process without necessarily inhibiting the formation of protein aggregates.

Furthermore, HSPs may promote the ubiquitination of abnormal proteins which are
guided to and degraded by the proteasomal machinery (Fig. 2).1® Malfunctions of the
proteasomal system may cause serious pathological events and contribute to human diseases,
including cancer and neurodegenerative disorders accompanied by amyloid deposits.'®!’
Molecular chaperones and the ubiquitin proteasome system (UPS) closely work together
(Fig. 2), by cooperating during protein quality control and in determining the fate of proteins
within the cells.'® The molecular basis of this cooperation has not been fully elucidated, buc it
seems likely that chaperones, cochaperones and cofactors that associate with the chaperone/
substrate complex, such as CHIP (carboxyl terminus of HSP70 interacting protein), the
BAG-family of proteins, hip (HSC70-interacting protein) or hop (HSP70/HSP90-organizing
protein) modulate and determine the intracellular balance between protein folding and protein
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Ribosome

misfolded
proteins

Aggresome

Figure 2. Illustration of the multiple roles of heat shock proteins in protein folding and during stress
situations. Under physiological conditions HSPs bind to the nascent polypeptide chain emerging from
the ribosome, and participate in their folding and assembly. They also are important in targeting proteins
for translocalization to the nucleus and the mitochondria. Stress induces the formation of denatured
proteins, which Jead to the induction of HSPs. HSPs bind to denatured proteins in an attempt to refold
them and to prevent their aggregation. If this is unsuccessful, HSPs may promote the ubiquitination of
abnormal proteins which are guided to the proteasomal machinery (UPS) for degradation. If the capacity
of the cells to degrade or refold abnormal polypeptides is exceeded, denatured proteins accumulate, tend
to aggregate and aggresomes may be formed.

degradation.'® Impairment of the proteasomal machinery by proteasome inhibitors, such as
lactacystin or MG-132, cause the induction of HSPs and the accumulation of ubiquitinated
proteins.!?2! Hence, proteolytic stress is a potent inducer of HSP production. Also, among the
genes induced upon heat shock are genes encoding ubiquitin and several ubiquitin-carrier
proteins,?? emphasizing that the two main protective strategies, protein degradation and repair
of damaged proteins, are closely linked processes.

The heat shock response and rapid production of HSPs is regulated by heat shock transcrip-
tion factors (HSFs) (Fig. 3). Multiple HSFs have been identified in vertebrates and plants,
indicating specialized functions of the different HSFs during physiological and environmental
stress. In mammalian cells, three HSFs, namely HSF1, HSF2, and HSF4, have been identi-
fied.?? HSF3 is expressed in avian cells. In vertebrates, HSF1 is the major regulator of the heat
shock response and other environmental stressors. Under nonstressed conditions HSF1 is in an
inactive monomeric form, partially phosphorylated, with little DNA-binding activity. Upon
stress, HSF1 trimerizes, acquires DNA-binding activity and becomes hyperphosphorylated.
HSF1 regulates heat shock gene expression by binding te highly conserved heat shock elements
(HSEs) in the promoter regions of heat shock genes (Fig. 3).2*?% Phosphorylation plays a
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misfoided
protein

Nucleus

Figure 3. The heat shock response and rapid production of HSPs is regulated by heat shock transcription
factor (HSF1). Upon stress, inactive HSF1, binding to HSPs, is released, followed by trimerization, phos-
phorylation and translocation to the nucleus. HSF1 binds to the heat shock element (HSE) in the promoter
region of the heat shock genes, and induces the synthesis of HSPs. This response is then downregulated by
high levels of chaperone activity which is sensed by HSFs. Particularly HSP40 and 70, which associate with
the activation domain of HSF1, and also HSP90 have been shown to maintain HSF1 in an inert state.

major role in the regulation of transcriptional activation, but seems to be not important for the
acquisition of HSF1-DNA-binding activity. HSF1 activity is negatively regulated by the chap-
erones HSP70 and HSP40, which associate with the activation domain of HSF1, and also
HSP90 has been shown to play a role in maintaining HSF1 in an inert state.?® Hence, the stress
response is downregulated by high levels of chaperone activity which is sensed by HSFs.
Proteasome inhibition has been shown to activate all three members of HSFs in avian cells,””
and the proteasome inhibitors lactacystin and MG-132 induced the hyperphosphorylation
and trimerization of HSF1 and upregulate HSP gene transcription.”® Another study indicates
that the heat shock response upon proteasomal inhibition seems to be specifically dependent
on HSF1 as the critical transcription factor.”

Stress-responses in the brain as monitored by the induction of HSPs occur region- and
cell-type specific, and either nerve cells or glia are the primary targets. The molecular mecha-
nisms underlying the cell-type specific responses are far from undetstood. In the following I
briefly summarize the properties of HSPs expressed in nerve cells and glia, which are particu-
larly relevant to the central nervous system (CNS).

Heat Shock Proteins in Nerve Cells and Glia

HSPs are located in the cytosol, and in eukaryotic cells they can be associated with various
cellular compartments or are translocated upon stimulation, e.g., to mitochondria, ER or the
nucleus. A number of heat shock proteins are constitutively expressed in the nervous system, and
a variety of cell culture studies have been carried out on the presence and upregulation of HSPs.
Among these are the HSP90 family, HSP70 family, HSP60, the small HSPs including
oB-crystallin, and HSP32 and ubiquitin. Their upregulation has been connected to
neuroprotection in neural cells.?*32 Individual cells in the brain show different susceptibility to
stress situations. Depending on the level of stress, some cells remain unaffected, while others are
severely stressed and react by the induction of stress proteins. When a certain threshold is passed,
the stress response can cause cellular dysfunction, and instead of playing a protective role, HSP
induction possibly contributes to the onset of cell death (see Chapter 5 this volume). Some of the
HSPs are differentially expressed or inducible in nerve cells and glia, e.g., astrocytes, oligoden-
drocytes and microglia. Oligodendrocytes, the myelin forming cells of the CNS, are specifically
sensitive to stress situations,”?? and in this respect resemble nerve cells, while astrocytes are
much more resistant. Filamentous inclusions containing HSP have been observed in all three cell
types in a number of neurodegenerative diseases,'>'” and elevated levels of HSPs have been
identified during inflammatory responses, e.g., multiple sclerosis (MS).
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HSP90, a Chaperone with Regulatory Functions in Signal Transduction

HSP90 is highly conserved and one of the most abundant proteins in eukaryotic cells,
comprising 1-2% of the total soluble proteins in unstressed cells. 3435 It is constitutively ex-
pressed in the mammalian brain®® and present in cultured nerve cells, astrocytes, oligodendro-
cytes and microglia (Goldbaum and Richter-Landsberg, unpublished). Upon stress it is typi-
cally induced only a few-fold; a fraction thereof translocates to the nucleus, where it might be
involved in signaling events of the apoptotic cascade.'® Another member of this family is the
glucose-regulated protein Grp94, which is located in the endoplasmatic reticulum (ER) and is
induced in response to ER stress.'> HSP90 has chaperone activity, but unlike other molecular
chaperones, does not participate in general protein folding. HSP90 cooperates with HSP70
and other cochaperones in a multichaperone complex in the degradation of misfolded pro-
teins.’” Most of its known substrates are substrates involved in signal transduction and cell
cycle control.>?8 Hsp90 binds to these substrates, termed client proteins, and assists in final
folding and stabilization, and regulates their half life. Upon stress, Hsp90 keeps nonnative
client proteins in a folding-competent structure and prevents irreversible denaturation, a pro-
cess which requires ATP-binding. When ADP is bound, Hsp90 promotes ubiquitination and
degradation by directing client proteins to the proteasome.*” Hence, Hsp90 is involved in the
balance between protein stabilization and degradation of its client proteins.

Two major cytoplasmic isoforms of HSP90 exist, HSP90a represents the major inducible
isoform and HSP90B is the constitutive minor isoform.** HSP90 is mainly a constitutive
dimer (oo or BB), the a-isoform, however, more readily dimerizes than the B-isoform. Re-
cently a novel member of the HSP90 family, namely HSP9ON, which represents a 75 kDa
Raf-associated protein, was identified.*! Functional differences between the isoforms in cell
differentiation and development have been implicated,* but not much is known about their
differential roles in the nervous system. HSP90 binds to cytoskeletal elements, such as actin
and tubulin, and might be important in stabilizing the cytoskeleton and maintaining the
cytoplasmic meshwork termed microtrabecular lattice.” HSP90 is involved in the regulation
of cell death and survival by interacting with and stabilizing protein kinases.* In live cer-
ebellar neurons HSP90 o and B was found to be localized at the cell surface where it might
have a role in cell migration.*> HSP90 may play an important role in synaptic transmission,
both at the pre and postsynaptic compartment. Gerges et al** recently demonstrated that
HSP90 is necessary for efficient release of neurotransmitter at the presynaptic terminal and
a critical component in delivering AMPA receptors into the postsynaptic membrane. Also,
retrograde transport of the glucocorticoid receptor in neurites has been shown to require the
dynamic assembly of complexes with HSP90.%

Interesting perspectives have come from the development and use of drugs that are effec-
tive inhibitors of HSP90, which have mainly been used in their capacity as antitumor drugs.
The first inhibitor was geldanamycin, a naturally occurring benzoquinone ansamycin iso-
lated from Strepromyces hygroscopicus with antitumor effects.®® Subsequently more stable
geldanamycin analogues with less toxic effects were synthetically derived, e.g., 17-AAG
(17-allylamino-17-demethoxygeldanamycin).?”#® Geldanamycin directly binds to the
N-terminal ATP-binding site of HSP90, and destabilizes the HSP90-multichaperone com-
plex with its client protein. This results in stabilizing the conformation of the
HSP-multichaperone complex, which directs HSP90 client proteins to the proteasome and
ubiquitin-mediated degradation.?®% Thus, the hallmark of ansamycin activity is to induce
the degradation of HSP90 client proteins by the ubiquitin-dependent proteasomal pathway.

In a cell culture model of Huntingron’s disease geldanamycin was shown to activate a heat
shock response, i.e., HSP40, 70 and 90 were induced, and the aggregation of huntingtin
protein was suppressed in a dose-dependent manner.® A recent study by McLean et al’!
indicates that geldanamycin reduced a-synuclein aggregation and prevented its cytotoxicity
in human H4 neuroglioma cells, possibly by induction of HSP70. In this study the role of
HSP90 was not evaluated. Geldanamycin was also effective in inducing HSPs in the brains
of male rats and protecting against focal cerebral ischemia.>?
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Hence, these compounds might not only be promising as anticancer drugs, but also have
potential in elucidating the functional roles of HSP90 in the nervous system, and are therapeu-
tic candidates in eliminating or preventing protein aggregates which occur in neurodegenerative
diseases.

HSP70 Family

The 70 kDa heat shock proteins include the constitutively expressed, only moderately in-
ducible, cognate protein HSC70 with an apparent molecular weight of 73 kDa, its closely
related inducible form HSP70, with an apparent molecular weight of 72 kDa, and the
glucose-regulated protein Grp78 or BiP (for binding protein) which is located in the lumen of
the ER. HSP70 are most abundant and have been extensively characterized after their initial
discovery. All members of this family bind to ATP and comprise chaperone activity. HSP70
members recognize and bind to nascent polypeptide chains as well as to partially folded inter-
mediates of proteins, preventing their aggregation and misfolding. The binding of ATP triggers
acritical conformational change leading to the release of the bound substrate protein.!! HSC70
participates in folding and assembly of nascent proteins, and maincains proteins in their un-
folded state. Furthermore, it promotes protein translocation through intracellular membranes.
HSP70 interacts with HSP40, and together they promote cellular protein folding and repair
misfolded proteins.>®>>> HSP70 activity is assisted by cochaperones, such as BAG-1 or CHIP,
(for example, see refs. 11,37).

It is generally accepted that HSP70 overexpression in neurons and glia leads to
neuroprotection.>? The constitutive isoform, HSC70, and its cooperator HSP40 are present in
the postsg'naptic structures of rat brain, where they might be related to synaptic plasticity phe-
nomena.”® While in nerve cells HSP70 is only weakly inducible,”” % it is highly upregulated by
hyperthermia and a variety of other stress situations in astrocytes, oligodendrocytes and micro-
glia, respectively.33¢167 HSP70 is involved in the regulation of cell death and survival,!®%® and
its expression has been linked to neurodegenerative and inflammatory disorders of the nervous
system. These issues will be raised in some other chapters of this volume.

HSP60

HSP60 is a highly abundant protein and constitutively expressed in eukaryotes. HSPGO is
synthesized in the cytoplasm and transported to the mitochondria, where it is associated with
the mitochondrial matrix and participates in the folding and assembly of transported proteins
into the mitochondrion.®>7° Its presence in cellular compartments other than the mitochon-
dria and also its location at the cell surface has been suggested.”! The members of the HSP60
family, which are also called chaperonins, are ring-shaped oligomeric protein complexes which
bind nonnative proteins within a large cavity.!”* Its functions are dependent on HSP10,
which binds to HSP60 and regulates its substrate binding and ATPase activity. HSP60 is con-
stitutively expressed in neuronal cells,”374 astrocytes’> and oligodendrocytes.®'27677 In addi-
tion to its function in intracellular protein folding, HSP60 can stimulate cells to produce
proinflammatory cytokines.”> HSP60, similarly to HSP70, can elicit strong immunological
reactions and is a target for autoimmune attacks,’® and might play an important role in au-
toimmune diseases (see Chapter 8 by Brosnan et al, this volume). Furthermore, HSP60 may
play a passive role in amplification of the caspase cascade and act as a positive regulator of
apoptosis (see Chapter 5 by FitzGerald et al, this volume).”

The Small HSPs and oB-Crystallin

The group of small heat shock proteins (sHSPs) with molecular weights in the range of 12
to 43 kDa are closely related and includes the 0A- and oB-crystallins.””®® They all contain a
highly conserved carboxy-terminal region termed the a-crystallin domain.''#! Alpha-crystallins
are the major structural proteins in the vertebrate eye lenses. The small HSPs tend to form large
relatively unstable oligomeric complexes consisting of 9-50 subunits. These are formed from
stable dimers that aggregate into tetramers.*” The number of sHSPs and abundance varies
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considerably in different species.®® In mammalian cells only one small HSP is expressed, HSP25
with a molecular weight of 25-28 kDa in rodents and its human homologue HSP27 with a
molecular weight of 27-28 kDa.”® HSP27 is regulated by phosphorylation through serine pro-
tein kinases, and phosphorylation is increased upon various stimuli, such as heat shock, so-
dium arsenite, oxidative stress, mitogens, tumor promoters and calcium ionophores (for ex-
amples, see ref. 83). Phosphorylation decreases the oligomeric size, which in the case of HSP25/
27 is accompanied by a decrease in chaperone activity. Dimers of HSP25 do not exhibit chap-
erone activity, while large oligomers comprise high chaperone activity.®! Large aggregates of
a-crystallin (800kDa) consist of two types of related subunits: acidic @A (173 amino acids) and
basic aB (175 amino acids).®>3¢ These two subunits have a sequence homology of approxi-
mately 57 per cent. The @tA-subunit is lens specific and aB-crystallin, with a molecular weight
of 20 kD, has been detected in a number of nonlenticular tissues, including cardiac tissue and
glial cells in the PNS and CNS.57%

Many of the small HSPs are not constitutively expressed and only produced after stress con-
ditions.*® They selectively bind to nonnative proteins and exhibit chaperone activity, are stress
inducible and confer thermoprotection.”® One special feature of these molecular chaperones is
that they effectively trap aggregation-prone folding intermediates, keep them in a refoldable
conformation and prevent further aggregation, even at permissive temperature. The stress dena-
tured proteins are then renatured in cooperation with other HSPs in an ATP-dependent man-
ner.'*!> ATP enhanced the molecular chaperone function of human oB-crystallin® and a re-
cent study demonstrates that binding of ATP to the o-crystallin and not its hydrolysis conferred
enhanced aggregation prevention ability.”> At normal physiological concentrations ATP causes
the sHSPs to change their conformation and release the substrate proteins, allowing renatur-
ation by HSP70. Also, it was demonstrat. .., that in the absence of ATP sHSPs are more effective
than HSP70 in protecting other proteins from heat induced denaturation.'

Small HSPs contribute to the balance between cell death and survival and can confer resis-
tance against apoptotic stimuli, they associate with the cytoskeleton, specifically with microfila-
ments and intermediate filaments, have physiological roles as modulators of the cytoskeleton
and might protect the cytoskeleton during stress.”®®2! In the CNS they are predominantly
localized to glial cells. Data from our laboratory show that in cell cultures derived from the
brains of newborn rats, HSP25 and aB-crystallin are prominently and constitutively expressed
in astrocytes, highly inducible in astrocytes and oligodendrocytes, and not detectable in micro-
glia (Stahnke et al, in preparation). In cultured neurons HSP25 and aB-crystallin are inducible
expressed, the latter however only weakly (Vollmer et al, in preparation). It might be speculated
that the high constitutive levels of sHSPs in astrocytes have protective effects, and are one of
the reasons why astrocytes are less sensitive to stress situations than neurons and oligodendro-
cytes. Increased expression especially of aB-crystallin has been demonstrated in various
neurodegenerative disorders, including Alzheimer’s disease, Alexander’s disease, and Parkinson’s
disease, and aB-crystallin is a major component of glial filament inclusions.»28%%3 This topic
will be discussed in the following chapter by Richter-Landsberg and Goldbaum.

HSP32/ Heme Oxygenase-1, a Sensor of Oxidative Stress

HSP32, also known as heme oxygenase-1 (HO-1), is a small stress protein with enzymatic
activity that belongs to the heme oxygenase (HO) family. This family of proteins catalyzes the
oxidative degradation of heme to biliverdin. Biliverdin is subsequently converted to bilirubin
and equimolar amounts of carbon monoxide and iron. Bilirubin and biliverdin have free radi-
cal scavenging capabilities, and thus can act as potent antioxidants. Heme and iron on the
other hand can exacerbate intracellular oxidative stress by an increased formation of reactive
oxygen intermediates.”® Three mammalian isoforms of HO have been identified. HO-1, an
inducible enzyme that is synthesized in response to heat shock, heme and oxidative stress,”>*
is most highly concentrated in tissues that are involved in the catabolism of heme proteins.””
HO-2 represents the constitutively expressed and noninducible isoform, that is present in highest
concentrations in the brain and testes and is thought to be particularly involved in signalling
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pathways.”® HO-3 is an isoform with low catalytic activity, its physiological roles remain largely
obscure.” HO-1 has no chaperone activity, but is considered as a sensor and regulator of many
forms of oxidative stress, and may be a major player in protecting cells from oxidative stress in
association with inflammatory processes and neurodegenerative disorders.”*?>1% This topic is
discussed in Chapter 4 by Calabrese et al in this volume.

In normal brain HO-1/HSP32 expression level is rather low and induced after heat shock
or ischemia in neuronal and glial cells.!®!1% After focal cerebral infarctions and traumatic
human brain injury the prolonged expression of HO-1 was detected mainly in microglia at the
border of the lesion,'”> and HO-1 was transiently induced in astrocytes after cortical stab
wound injury.!% In cell culture studies it has been demonstrated that HO-1 can be induced by
hydrogen peroxide in astrocytes and oligodendrocytes.?>'%

HO-1 is upregulated in a number of neurodegenerative diseases, including PD and AD,
which points to a contribution of oxidative stress in the pathogenesis of these neurological
disorders.”® Reactive oxygen and nitrogen species play a role in inflammation and also in in-
flammatory demyelinating disorders, such as MS.'%® HO-1 expression was significantly in-
creased in experimental autoimmune encephalomyelitis (EAE), a commonly used animal model
of MS, and could be localized to infiltrating monocytes'®” and reactive microglia and astro-
cytes, respectively (Stahnke et al in preparation).'’® Our data show that oligodendrocytes are
specifically sensitive to oxidative stress, respond by the onset of programmed cell death and the
upregulation of HO-1.3%111112 Also, proinflammatory cytokines TNFo. and IL-1B, which are
upregulated in MS and EAE, caused the upregulation of HO-1 in cultured rat astrocytes fol-
lowed by iron sequestration by the mitochondrial compartment.!'? Hence, prolonged HO-1
upregulation in glia might be an indicator of the pathological consequences of oxidative stress,
exerted by inflammatory processes and/or damage to the blood brain barrier. The sustained
upregulation possibly is not cytoprotective and might promote further oxidative stress, which
irreversibly leads to cell death and degenerative processes.

Concluding Remarks

HSPs play important roles in the maintenance of physiological processes and are essential
during development and differentiation. Induction of HSPs after stressful insults play protec-
tive roles and provide tolerance against further stress situations. The stress protein response and
HSPs might prevent protein aggregation and support proteolytic degradation by guiding
nonreparable proteins to the ubiquitin proteasome system. HSPs help to detoxify proteins and
prevent the assembly of protein aggregates with cytotoxic potential. HSPs on the other hand
are involved in the regulation of cell death and survival. Severe stress and sustained upregulation
might contribute to the onset of programmed cell death or induce necrotic processes. The
relative levels of the individual HSPs are important. Cells that express too high or too low levels
may exhibit derangement of cell proliferation or developmental abnormalities, respectively. In
aging organisms misfolded proteins accumulate leading to the recruitment of free chaperones.
Cells might then be depleted of available free chaperones and defects in protein repair, protein
transport, signal transduction and cytoskeletal organisation may be caused. Protein aggregates
or inclusion bodies, characterized by the presence of HSPs, specific abnormal cytoplasmic pro-
teins and often cytoskeletal components, characteristically occur in neurodegenerative diseases.
Stress proteins may serve as biomarkers to identify stress specificity and localize pathological
processes leading to cell and organelle damage. HSPs may serve not only as neuropathological
markers, but their contribution to disease pathogenesis also makes them a promising target for
therapeutic intervention and drug development.
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CHAPTER 2

Small Heat Shock Proteins

and the Cytoskeleton:
Their Role in Inclusion Body Formation in Glial Cells

Christiane Richter-Landsberg* and Olaf Goldbaum

Abstract

he integrity of the cytoskeleton is an essential determinant for the function and

survival of nerve cells and glia, and hence provides a sensitive target for stress situations.

The small heat shock proteins (sHSPs) aB-crystallin and HSP25/27 specifically inter-
act with cytoskeletal elements, i.e., intermediate filaments, microfilaments and microtubules.
sHSPs are closely related and act as molecular chaperones, preventing the aggregation of pro-
teins after stress. They are more prominent in glial cells than in neurons, and represent promi-
nent constituents of inclusion bodies originating in astrocytes and oligodendrocytes in
neurodegenerative diseases associated with cytoskeletal abnormalities. Hence, sHSPs are par-
ticularly important in neurological disorders with glial pathology. In this chapter we focus on
the sHSPs, their interaction with the cytoskeleton in neural cells during normal and stressful
conditions, and their role in inclusion body formation where they might affect amyloid fibril
formation and toxicity.

Introduction

Filamentous protein inclusions, which are observed in nerve cells and glia in a number of
neurodegenerative disorders,' often contain a variety of heat shock proteins (HSPs) in addi-
tion to cytoskeletal proteins,” indicating that stress situations which impair cytoskeletal integ-
rity and functions contribute to pathogenesis. Furthermore, the inclusions often stain with
antibodies against ubiquitin (for review see Chapter 7 by Wyttenbach and Arrigo and Chapter
6 by Pierre et al in this volume), suggesting that the inclusions are targeted for degradation by
the proteasomal system. Hence, despite the upregulation of HSPs aggregates are formed, indi-
cating that HSP induction was an unsuccessful attempt to prevent protein denaturation and
aggregation and to rescue the cells. Furthermore, the aggregates could not be removed, most
likely due to a failure or overload of the protein degradation machinery.

In this chapter we focus on the sHSPs, namely oB-crystallin and HSP27, their interac-
tion with cytoskeletal proteins in neural cells during normal and stressful conditions, and
role in inclusion body formation. aB-Crystallin and HSP25/27 are closely related, act as
molecular chaperones and prevent the aggregation of other proteins after physiological stress,
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but have only limiting capacities for refolding stressed proteins. The sHSPs tend to form
large aggregates and phosphorylation affects their oligomeric state? (see also Chapter 1 by
Richter-Landsberg, this volume). They are increased in a variety of neurodegenerative disor-
ders, including Alzheimer’s disease (AD), Parkinson’s disease (PD), multiple system atrophy
(MSA), Alexander’s disease, and also may play a role in the pathogenesis of multiple sclero-
sis, as detailed by Brosnan et al (Chapter 8, this volume). sHSPs are incorporated in patho-
logical inclusions and evidence has accumulated that they might affect amyloid fibril forma-
tion and toxicity. These sHSPs are generally more abundant in glial cells than in neurons.

The Cytoskeleton in Nerve Cells and Glia

The integrity, dynamic properties and spatial organization of the cytoskeletal network
are essential determinants for the function and survival of nerve cells and glia. The cytoskel-
eton, consisting of microtubules (MTs), intermediate filaments (IFs) and microfilaments
(MFs), also called actin filaments, establish and maintain cell morphology and provide the
framework for organelle trafficking and cellular sorting processes. Nerve cells, oligodendro-
cytes and astrocytes can be distinguished by their IF system. Astrocytes are characterized by
the presence of glia filaments, which are composed of the intermediate filament protein
GFAP (glial fibrillary acidic protein), while mature oligodendrocytes are devoid of IFs.>® In
adult human neurons five major IF proteins are observable, namely peripherin (57 kDa),
which is mainly found in the peripheral nervous system, o-internexin (66 kDa), which is
widely expressed in the CNS, and the three neurofilament proteins (NF-L, 68 kDa; NF-M,
145 kDa; and NF-H, 200 kDa) which copolymerize and form the 10 nm neurofilaments
which are most abundant.”

Actin is the major constituent of the cytoskeleton of almost all eukaryotic cells, and MFs
(actin filaments) are organized into cytoarchitectural meshworks which are the basis for cell
motility, cell migration and developmental processes. MFs are involved in neurite growth and
guidance® and also during the formation of oligodendrocyte processes and branches.’

MTs are hollow cylinders composed of heterodimers of a- and B-tubulin, they are orga-
nized in orderly arrays in neurons and oligodendrocytes with the fast growing plus-end di-
rected to the distal ends and the slow growing minus-end oriented towards the cell body.>!°
This polarity is essential for the functions of the microtubule associated motor protein fam-
ily, e.g., kinesins and dyneins, which move to the plus- or minus-end, respectively, and are
involved in the assembly and orientation of cell structures, such as the Golgi apparatus and
the endoplasmic reticulum.’ MTs have special dynamic properties, the dynamic instability
is a necessary requirement for their many functions, including cell motility and cell division,
organelle transport and cell morphogenesis.!> M Ts originate from variable structures, called
microtubule organizing centers (MTOC) or centrosomes lying in discrete regions near the
nucleus of cells. At the MTOC a third tubulin isotype, namely y-tubulin is present, which is
thought to be involved in the tubulin nucleation process. Furthermore, MT dynamics and
polarity ate regulated by a variety of microtubule associated proteins (MAPs). These play a
critical role in promoting tubulin assembly and MT stabilization. MAPs copurify with tubu-
lin during repeated cycles of assembly and disassembly, and constitute a diverse family of
proteins including high molecular weight MAPs (270-350 kDa) such as MAP1A, MAP1B
(MAPS5), and MAP2, and low molecular weight MAPs (55-82 kDa), including tau pro-
teins.’>'¥ Tau proteins are most abundantly expressed in nerve cells, but also have been
identified in oligodendrocytes and their many processes, where they might play similar roles
in MT stabilization and contribute to pathological situations.™

Neurons and oligodendrocytes are characterized by their elaborate MT network and
have a high content of tubulin, while in fibrous astrocytes the GFAP IF system is most
prominent. Neurons are distinguished into axonal and dendritic compartments, and estab-
lish a complex network of long and branched processes which needs to be maintained.'®
Oligodendrocytes produce vast amounts of myelin by spirally enwrapping neuronal axons
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Tubulin

Figure 1. Microtubules in oligodendrocytes. Rat brain oligodendrocytes (7 days in culture) were fixed
with 3% paraformaldehyde and indirect immunofluorescence double staining was carried out with
anti-tubulin antibodies (A) and anti-myelin basic protein (MBP) antibodies (B). Bar represents 25 pm.
Note the elaborate microtubule network in the membranous extensions which are also rich in MBP.

with their membranous processes. During myelin compaction, the cytoplasm is extruded
and membranes become closely opposed. Only small cytoplasmic channels remain which are
particularly rich in MTs, they provide the template for active transport of cytoplasmic con-
stituents, intracellular sorting processes, positioning of organelles, and are essential for the
maintenance of the metabolically active myelin membrane.® Oligodendrocytes in culture
(Fig. 1) are characterized by their numerous cytoplasmic extensions and flat membranous
sheets, these contain an extensive network of MTs.6

The individual cytoskeletal elements, although varying in molecular composition, in-
fluence each others activities and functions. The cytoskeleton is a major target of stress,
heat shock or other stressors can cause the collapse of the filamentous network or induce a
loss of stress fibers. The proper synthesis and assembly of cytoskeletal constituents and their
maintenance are essential to preserve cell viability and vital for the cells. Hence, protection
of the cytoskeleton during stress is a major survival response. A number of molecular chap-
erones, in particular the sHSPs, interact with cytoskeletal elements in normal cells, influ-
ence their function, might assist their proper assembly and spatial organization. They are
recruited to cytoskeletal elements and protect the cytoskeleton in response to cellular
stress. %1617 In nonstressed cells, molecular chaperones might be a constituent of the cy-
toarchitecture.!® In fact, several members of the HSP70 family were initially characterized
as microtubule binding proteins, attaching to polymerized tubulin at a site which is also
recognized by MAPs.!

Interaction of Small Heat Shock Proteins with Cytoskeletal Proteins

The sHSPs interact with all three cytoskeletal elements in cells of the nervous system and
are possibly involved in the regulation of muscle and nonmuscle motility.

Microfilaments

Only few studies have been carried out on the role of sHSPs in microfilament forma-
tion and protection in neural cells. In adult sensory neurons, a role for HSP27 in neuritogenesis
and subsequent neurite extension, possibly be regulating actin cytoskeletal dynamics, has
been suggested®® (see also Chapter 3 by Herbert et al, this volume). HSP25 directly can
interact with actin, it predominantly acts as a chaperone and preferentiallg interacts with
thermally unfolded actin, preventing the formation of insoluble aggregates.”! Furthermore,
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sHSPs in a phosphorylation-dependent manner have modulatory functions on microfila-
ment polymerization.* Murine HSP25 in its unphosphorylated monomeric state inhibits
actin assembly, an activity which is not exerted by phosphorylated monomers or multimeric
nonphosphorylated complexes of HSP25.22 Overexpression of HSP27 in CHO fibroblasts
attenuates cytochalasin D-induced disruption of microfilaments, an effect which is phos-
phorylation dependent. Only the nonphosphorylatable form of HSP27 can accelerate the
reappearance of microfilaments after treatment with the drug,”® while in another study it
was shown that phosphorylatable HSP27 is protective against oxidative stress, prevents actin
fragmentation and dell death.?* Hence, phosphorylation regulates the effects of HSP25/27
on actin dynamics. Also oB-crystallin has an affinity for actin. In rat glioma cells, using
sense/antisense strategy, the presence of additional aB-crystallin confers thermoresistance
and a reduction is accompanied by a disorganized microfilament network.? Studies on the
role of oB-crystallin in rat cardiac myoblast cell line H9¢2 further indicate that after
proteasomal inhibition by MG-132 or lactacystin, sHSPs are redistributed within the cells
and colocalize with the actin cytoskeleton.?® This association scems to be independent of
phosphorylation and is not observable in rat C6 glioma cells. Additionally, in this system
proteasomal inhibition leads to an increase of sHSPs in the detergent insoluble fraction and
to the appearance of sHSP-positive protein lumps near the microfilaments, possibly indicat-
ing that actin filaments are involved in clearing the cytoplasm from harmful aggregates,?®
thereby resembling the role of microtubules in the formation of aggresomes (see below, and
the Chapter 6 by Pierre et al, this volume).

Intermediate Filaments

The sHSPs aB-crystallin and HSP25/27 are involved in the maintenance of the IF
system, an affinity for desmin, GFAP, vimentin and peripherin has been reported.””8 As
mentioned before, the sHSPs seem to be more prominent in glia cells and mainly involved in
glial pathology.?”?*-*° Upregulation of aB-crystallin stabilizes gliafilaments (GFAP-IF) and
after physiological stress, such as heat shock, its binding specificity to IFs is enhanced.?'-%?
Overexpression of aB-crystallin by adenoviral gene transfer causes the disaggregation of GFAP
cytoplasmic inclusions in astrocytes, which are formed in the cells after transfection of GFAP
cDNA.?> When oB-crystallin is overexpressed in nonstressed primary astrocytes, thick
gliafilaments are debundled and a filigree network of finer and more numerous filaments is
observable. No change in GFAP solubility was detected.>® Hence, an increase in aB-crystallin
expression, in the absence of stress, can modify intermediate filament organization, a prop-
erty which is not shared by HSP27.%4

Microtubules and Microtubule Associated Proteins (MAPs)

While several members of the HSP70 family were characterized as MAPs and their role
in cytoskeleton formation was implied (for review see ref. 16), little is known about the
potential roles of sHSPs in MT polymerization and maintenance. The association of HSP27
with tubulin and MTs in HeLa cells and of aB-crystallin in L6 myoblast cell lysates was
reported.>>%¢ Furthermore, tubulin aggregation was prevented through formation of binary
complexes with oB-crystallin.¢ In a later study the same authors describe that oB-crystallin
increases the resistance of MTs to depolymerization in cells and in vitro.” In C6 glioma
cells the synthesis and accumulation of aB-crystallin in response to agents that promote the
disassembly of MTs, e.g., colchicine, vinblastine and nocodazole, is induced, while raxol, a
MT destabilizing drug, causes its suppression.38 Proteasomal inhibitors, such as MG-132,
induce the upregulation of various HSPs, including oB-crystallin and HSP25 in astrocytes,
neurons and oligodendrocytes (Richter-Landsberg et al, unpublished data). Cultured astro-
cytes have a high level of constitutively expressed HSP25 which after proteasomal stress
accumulates in small aggregates near the center of the cells (Fig. 2). Immunoblot analysis of
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Figure 2. Upregulation and distribution of HSP25 in astrocytes after heat shock and proteasomal stress.
Cultured astrocytes, derived from the brains of newborn rats, were fixed with 3% paraformaldehyde and
subjected to indirect immunofluorescence staining, using antibodies against intermediate filament pro-
tein GFAP (A,D,G) and HSP25 (B,E,H). Cell nuclei were visualized by DAPI staining (C,EI). Astrocytes
were subjected to heat shock (44°C for 30 min) and after 24 h recovery period stained by indirect
immunofluorescence (D-F) or treated with the proteasomal inhibitor MG-132 (5 uM) for 24 h (G-D).
Untreated astrocytes are seen in A-C. Heat shock and proteasomal inhibition cause the upregulation of
HSP25 in astrocytes. After heat shock HSP25 is diffusely distributed in the cytoplasm, while after
treatment with MG-132, HSP25-immunoreactivity is mainly concentrated in the cell center and small
and larger aggregates are visible. Bar represents 40 pm.

MT;, isolated from astrocytes after stabilization with taxol, indicates that a proportion of
the stress-induced sHSPs binds to MTs. Data from our laboratory further demonstrate that
also in primary oligodendrocytes derived from rat brain and in the oligodendroglia cell line
OLN-93,% HSP25 and aB-crystallin bind to MTs after proteasomal inhibition®*4! (Fig.
3). Specifically aB-crystallin interacts with MTs upon stress, is highly inducible and almost
completely recruited to the MTs, indicating that it assists in maintaining MT integrity
during cellular stress.

HSPs also influence the properties of MAPs, specifically of the low molecular weight
MAPs, the tau proteins. Tau is a MAP that binds to the walls of MTs by means of binding
domains located in the carboxy terminal region of the protein. As mentioned above, it is
important for MT stability and assembly. In the normal human brain six isoforms are ex-
pressed, this heterogeneity is further increased by phosphorylation at multiples sites, and
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Figure 3. Proteasomal stress leads to the association of aB-Crystallin and HSP25 with microtubules in
oligodendrocytes. Oligodendrocytes (7 days in culture) were either untreated (Co) or treated with the
proteasomal inhibitor MG-132 (1 uM, 24 h). Thereafter, microtubules (MT) were isolated after stabi-
lization with Taxol as described (Goldbaum and Richter-Landsberg).*’ The presence of HSPs was deter-
mined in the pellet (PE, microtubule fraction) and supernatant (SN, cytoplasmic soluble fraction) by
Western blot procedure. It is seen that after proteasomal stress (MG) aB-crystallin is only detectable in
the MT fraction (PE), and that HSP2S5 is associated with MTs but also present in the supernatant (SN).
HSP90 and HSP70 in contrast thereto are mainly present in the supernatant.

hyperphosphorylation negatively affects MT-binding properties.'® The chaperones HSP90
and HSP70 increase the affinity of tau protein with microtubules, as was shown in several
cell culture model systems including primary neurons.? Increased levels of HSP90 and
HSP70, exerted by incubation with the antibiotic geldanamycin, promote the solubility of
tau, cause a reduction in the basal level of tau phosphorylation, and a direct association of
the chaperones with tau. Furthermore, two other studies suggest that CHIP (carboxyl termi-
nus of the HSC70 interacting protein), a cochaperone of HSP70 possessing intrinsic E3
ubiquitin ligase activity, interacts with tau and is able to rescue cells from phosphorylated
tau-induced toxicity.*** CHIP/HSP70 was suggested to regulate tau ubiquitination, degra-
dation and aggregation.* In oligodendrocytes, proteasomal inhibition by MG-132 causes
the association of tau with oB-crystallin and tau ubiquitination is promoted.** In human
brain tissue, HSP27 preferentially binds pathological hyperphosphorylated tau isolated from
AD brains, but not unphosphorylated tau isolated from normal brains. Binding of HSP27
to hyperphosphorylated tau alters the conformation and reduces its concentration by facili-
tating its degradation and phosphorylation.®> Hence, cell-type and stress-specific upregulation
of sHSPs not only might play an important role in regulating the dynamic properties and
stability of cytoskeleral elements, but also is involved in the stabilization or elimination of
associated proteins which are linked to neurodegenerative disorders and are components of
filamentous inclusions found in a variety of diseases.

sHSPs and Inclusion Body Formation in Glial Cells

Misfolded proteins assembie and accumulate in aggregates before the onset of cell de-
generation, and it is likely that this is a mechanism initially aimed at removing toxic mate-
rial to rescue cells. At later stages of the disease, the growing aggregates may confer death
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signals leading to neural degeneration, as the number and regional distribution of the in-
clusions correlate with the clinical picture. Intracellular filamentous inclusions are the char-
acteristic hallmark of AD and PD, similar inclusions are found in diverse other
neurodegenerative diseases, such as Pick’s disease (PiD), corticobasal degeneration (CBD),
progressive supranuclear palsy (PSP), frontotemporal dementia with parkinsonism linked
to chromosome 17 (FTDP-17), dementia with Lewy bodies (DLB) and multiple system
atrophy (MSA).2% In tauopathies, such as AD, CBD, PSP, FTDP-17, tau is the major
constituent of the inclusions, while in synucleinopathies, such as PD, DLB and MSA, in-
clusions are characterized by the presence of a-synuclein (see also Chapter 7 tzyWyttenbach
and Arrigo, this volume). The function of a-synuclein is not well defined.?* Like tau, it is
a natively unfolded protein with little ordered secondary structure. a-Synuclein is concen-
trated in nerve terminals, but also present in cultured oligodendrocytes where it is
downregulated during differentiation.> Evidence is emerging indicating a considerable overlap
of the pathological and clinical features of patients with tauopathies and synucleinopathies,
pointing to a mechanistical link between these disorders.?” This is substantiated by the fact
that tau and a-synuclein can associate and promote fibrillogenesis of each other in vitro
and in transgenic mouse models.”’**® Recently it has been reported that a-synuclein com-
prises chaperone-like activity,* shares physical and functional homology with 14-3-3 pro-
teins, a family of chaperone proteins particularly abundant in the brain,’® and also shares
sequence homologies with sHSPs.>! As such, a-synuclein might protect cells from thermal
and oxidative stress and suppress aggregation of substrate proteins in an ATP-dependent
manner.®*>!"2 Hence, depending on the cellular context, a-synuclein may protect cellular
proteins from denaturation, and when overexpressed might contribute to the accumulation
of protein aggregates and to cell death in neurodegenerative disease. In this respect it is
interesting to note that aB-crystallin was shown to be a potent in vitro inhibitor of
o-synuclein fibrillization and redirects a-synuclein from fibril formation towards an amor-
phous aggregation pathway.>

Tau-positive and a-synuclein-positive inclusions are present in nerve cells and glia, point-
ing to the fact that not only neurons, but also astrocytes and oligodendrocytes play a role in the
pathogenesis of neurodegenerative diseases.> While in AD and PD intracellular protein inclu-
sions are preferentially formed in neurons, in FTDP-17 tau-pathology is present in neurons
and glia, and tau-positive inclusions originating in oligodendrocytes are specifically prominent
in PSB, CBD, and PiD.>® Morphologically diverse tau-positive astrocytic lesions also occur,
specifically tufted astrocytes in PSP and astrocytic plaques in CBD serve as diagnostic tool.®
Oligodendroglia lesions and white matter pathology are characterized by the occurrence of
glial fibrillary tangles (GFT), coiled bodies and glial cytoplasmic inclusions (GCls). GFTs and
coiled bodies are mainly observed in PSP, CBD, and PiD.”>” GFTs occurring in oligodendro-
cytes contain hyperphosphorylated tau, but in conttast to neurofibrillary tangles (NFTs) in
neurons, they do not form solid filaments and do not associate with ubiquitin.’® GClISs are
round or crescent shaped inclusions in the cytoplasm of oligodendroglia, they are the histologi-
cal hallmark of MSA, a specific adult onset degenerative disease of the nervous system, charac-
terized by varying degrees of Parkinsonism, cerebellar ataxia, and autonomic dysfunction.>*!
Signature neuronal inclusions in PD are termed Lewy bodies, which are comprised of fibrils
assembled from a-synuclein. Similarly, a—s?rnuclein is the major building block of GCIs, which
are also immunoreactive for ubiquitin.>*¢

GClIs in MSA stain intensely with antibodies against ubiquitin and aB-crystallin and
are positive for a- and B-tubulin, while variable reports indicate that they are
tau-positive.”” %62 In Rosenthal fibres, the characteristic inclusions in astrocytes of patients
with Alexander’s disease, oB-crystallin, HSP27 and ubiquitin coassemble with GFAP?
HSP27 and aB-crystallin are also induced in Creutzfeldt-Jakob disease and AD.%365 The
specific association of sHSPs with senile plaques in AD but not with NFTs was observed,¢
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while in an earlier study aB-crystallin positive neurons were described. Their density corre-
lated with the density of NFTs and it was suggested that aB-crystallin might be involved in
the late, severe stage of pathogenesis.”” Our data further show that aB-crystallin but not
HSP70 is mainly expressed in tauopathies with glial pathology.®® This enhanced expression
of aB-crystallin seems to be specific for disorders with prominent glial pathology, suggest-
ing distinct mechanisms for tau aggregation in neurons versus glia in neurodegenerative
disorders.

The molecular mechanisms leading to inclusion body formation and to cell death in
oligodendrocytes are far from understood. Several studies show that protein inclusions are
formed, when the proteasome activity is decreased. Small aggregates can be delivered to the
nascent inclusion body by an active, retrograde transport system along the microtubules,
which have been termed aggresomesG9 (see also Chapter 6 by Pierre et al, this volume). This
process requires an intact cytoskeleton and is inhibited by MT destabilizing drugs.*70-7!
Aggresomes are dynamic structures and distinct from inclusion bodies found in
neurodegenerative disorders, which most likely represent an end stage of the protein aggre-
gation process and contribute to cell death. In cultured oligodendrocytes, stress proteins can
be upregulated by proteasomal inhibition and tau can be induced to accumulate and form
inclusions that resemble fibrillary deposits similar to those observed in neurodegenerative
diseases.!”*® Oligodendroglia inclusion bodies in these cell culture models contain
oB-crystallin and ubiquitin, and can be stained by Thioflavin-S, a histochemical dye specifi-
cally binding to crossed B-pleated sheet structures that is used to identify fibrillary protein
aggregates (Fig. 4). Generally, oligodendrocytes are specifically sensitive to stress situations
and rcsgond by the onset of programmed cell death after heat shock, oxidative and proteasomal
stress.*7275 Astrocytes are much more resistant, and we hypothesize that this is due to their
high level of endogenously expressed HSP25 and aB-crystallin, which is further enhanced in
response to stress (Richter-Landsberg et al, in preparation).

In summary, individual cell types in the CNS show different susceptibility to stress, and
the correct balance of the levels of HSPs seems to be important for cell survival, rescue
mechanisms and to attenuate toxic effects of amyloid proteins. Chronic overexpression of
sHSPs, instead of protecting the cells, might further contribute to the onset of cell death.

Concluding Remarks

sHSPs display chaperone activity, they undergo dynamic assembly into large aggregates
and their oligomerization is required for chaperone function and substrate binding. They
can specifically interact with components of the cytoskeleton and under stress conditions
might preserve cell shape and integrity. The cytoskeleton is a specific target for stress situa-
tions and disturbed in many neurodegenerative disorders. As molecular chaperones, sHSPs
protect cells by preventing irreversible aggregation of proteins during stress, and are impli-
cated in several diseases not only as protecting, but also as causative agents. Nerve cells and
glia have different thresholds for stress responses, and sHSPs seem to be particularly impor-
tant in neurological diseases with glial pathology. They are prominent constituents in inclu-
sion bodies originating in astrocytes and oligodendrocytes, which are a classical feature of
CNS diseases associated with neuronal cytoskeletal abnormalities, and are also expressed
during lesional development in multiple sclerosis. A better understanding of their cell-type
and stress-specific regulation and how they are involved in disease progression is a major

challenge in the field.
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Figure 4. Proteasomal stress leads to the formation of thioflavin-S-positive protein aggregates containing
aB-crystallin in oligodendrocytes. Rat brain oligodendrocytes (7 days in culture) either were untreated
(Control, A,B and E,F) or treated with MG-132 (1 uM, 24 h) (C,D and G,H). Cells were then fixed with
3% paraformaldehyde, and subjected to indirect immunofluorescence staining using anti-aB-crystallin
antibodies (B,D) and anti-tubulin antibodies (A,C) or with anti-tubulin antibodies (E,G) followed by
staining with thioflavin-S (EH). Bar represents 25 pm.
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CHAPTER 3

The Role of Hsps in Neuronal Differentiation

and Development
Kate Reed Herbert, Afshin Samali and Adrienne Gorman*

Abstract

eat shock proteins (Hsps) are expressed during development of the nervous system in
H a temporally and spatially controlled pattern that does not appear to be linked to

activation of heat shock transcription factors. The distinct patterns of Hsp expression
suggest that they perform unique roles during development and neuronal differentiadon. Studies
indicate that these proteins can inhibit programmed cell death, regulate cytoskeletal dynamics
during neurite outgrowth and axon pathfinding, as well as interact with and regulate intracel-
lular signaling molecules that are involved in neuronal differentiation. Overall, through their
involvemnent in these various processes, expression of Hsps favours neuronal differentiation
and survival and, as such, Hsps are emerging as important regulators of the delicate balance
between cell death and survival/differentiation during development of the nervous system.

Introduction

Formation of the vertebrate nervous system begins very early in the life of an embryo during
gastrulation, as the blastula (a hollow ball of several hundred unspecialized cells) becomes a
three-layered embryo. The nervous system arises from the most external of these layers, the
ectoderm. The first step in development of the nervous system, termed neural induction, is
when part of the ectoderm thickens to form the neural plate and the cells in this region differen-
tiate to become neuronal precursors (also called neuroblasts). This is followed by neurulation,
whereby the neural plate bends inwards, so that the folds eventually meet in the dorsal midline
to pinch off and form the hollow neural tube. The anterior portion of the closed neural tbe
expands to form three brain vesicles, that eventually become the forebrain (prosencephalon), the
midbrain (mesencephalon) and the hindbrain (rhombencephalon), while the remainder of the
tube develops into the spinal cord. In this way, the neural tube directly gives rise to the entire
central nervous system. The peripheral nervous system originates largely from the neural crest, a
ridge of cells that arises during neurulation, at the interface between the neural and epidermal
ectoderm, which then migrate downward to form the dorsal root ganglia of the spinal nerves
and some other cell types. As the embryonic brain develops, the neuronal precursor cells prolif-
erate in the germinal zone of the ventricles. When they become post-mitotic they migrate to
their final destination in the nervous system, the axon elongates and these newly formed neu-
rons make synapses with target cells. During development, excessive numbers of neurons are
produced and those that do not form successful synaptic connections with, or receive trophic
support from, target cells undergo programmed cell death whereby they die by apoptosis.!
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During development of the nervous system individual neuronal precursors and immature
neurons undergo extensive morphological changes as they differentiate, migrate, and extend
neurites including the axon. These changes are associated with alterations in protein expres-
sion. In this chapter, we will focus on the expression of heat shock proteins (Hsps) during
normal development of the nervous system and particularly during neuronal differentiation.
Much is known about Hsp expression in various neuropathologies and under conditions that
cause cellular stress. However, less attention has focused on the expression of these proteins
during normal brain development and neuronal differentiation.

Hsp Expression during Development of the Nervous System

During the past decade or so, examination of the distribution of various Hsps in the ner-
vous system has revealed that they are expressed during development (Table 1).>'% The mouse
is the best characterized model of mammalian embryonic development. Therefore, while stud-
ies have been done using rats, drosophila and even human tissue, most of the studies examining
Hsp expression during development, including that of the nervous system, have been per-
formed in the mouse. Neurulation in the mouse starts at about embryonic day 7.5 (E7.5) to
E8. At E8.5-9.5 neural tube closure and formation of the three primary brain vesicles occurs.
By E12 the various brain regions are more clearly defined. The vertebrate brain is still develop-
ing during the early postnatal period and therefore, we will include this in our overview of
current knowledge regarding Hsp expression during development of the nervous system.

Hsp25 (the mouse homologue of rat and human Hsp27) has been shown to exhibit both
transient and sustained patterns of expression during brain development.>*¢# It is detectable
in neuronal precursors at E9.5 in the mouse and is also highly expressed in the first differenti-
ating neurons of the ;)eripheral layer.> As development progresses Hsp25 expression is seen
throughout the brain.” Expression of Hsp25 during development generally colocalizes with the
neuronal markers Tujl or BIll-tubulin and in cells that express these markers, Hsp25 is very
abundant in the axons and dendrites.? However, at E12.5 Hsp25 immunostaining also colocalizes
with a marker for radial glial cells, along which the immature neurons that are generated at the
ventricular surface of the neural tube begin to migrate.> Others have also observed occasional
staining of astrocytes with Hsp25 antibodies at postnatal day 3 (P3) in the developing mouse
brain® and in the adult rat brain.*!! Later in embryonic development, Hsp25 expression is
limited to small groups of neuronal cells and disappears by E17.5.

Expression of Hsp60 has not been determined during embryonic development of the ner-
vous system. However, the protein is expressed in tissue derived from the brainstem, cerebel-
lum and cerebral hemispheres at P1 and the levels increase markedly (by about 25-fold) by P20
and into adulthood.? Immunocytochemical studies demonstrate a neuronal localisation of Hsp60
at all stages of postnaral development examined (P1, P15 and adult).?

Hsc70 (the constitutive member of the 70 kDa family of Hsps) is normally present at high
levels during neural induction and neural tube closure.® It is expressed early during neural crest
cell migration and follows the differentiation of the first neural tracts.> During development of
the nervous system, it is found to colocalize with BIII tubulin, indicating its preferential local-
ization to neurons.>*!'2 Hsc70 continues to be expressed during later stages of brain develop-
ment. Western blot analysis and immunohistochemistry indicate that Hsc70 is also expressed
in the cerebellum and cerebral hemispheres at P1 and the levels are maintained through to the
adult brain.? In fact, high levels of Hsc70 are detected in neurons in the adult mammalian
central nervous system’”'31 and it accounts for 2-3% of total cellular protein of the adult rat
spinal cord."

In contrast to other Hsps, the expression of Hsp70 (the inducible member of the 70 kDa
family of Hsps) is relatively restricted in the developing mouse embryo.” It is not detectable until
E15.5, and at both E15.5 and E17.5 the specific pattern of Hsp70 staining reflects distribution
of glial fibrillary acidic protein (GFAP), indicating that it is mainly localized in glial cells.?
Western blot analysis of the cerebellum and cerebral hemispheres indicate low levels of Hsp70 in



27

The Role of Hsps in Neuronal Differentiation and Development

IMOIBINO SINBU PUE [BAIAINS [BUOINBU JJ0WOId 0}
aje1s aANde Jo uolieduojosd pue UONBARDE JO UOIIOWOI]

imougino aynau
pue uonezuawA|od singnjosniw jo uoirendoy

umouyun

ayenuBIAYIP
10 31p 0) §|[22 J0saN234d [BUOINBU JO UONIB|BS

ymoidino
ajunsu pue uonezuswA|od 9|NgniooIW jo uoie|nday

yodsuen uioud [euoxe Jse,

PN o
10 3ip 0] §J30 1051Nd3ud [BUOINAU JO UOIIDD[IS

SUOJNBU JO SPUBLUBP

ijoqelaw yBiy o} paulj s1sausSoiq [eLPUOYIOHW
ymoisgino

3)14nau pue uopezudwAjod S|NGMOIDIW Jo UoiRINSaY
{IMOIBINO0 S1NBU PUE [BAIAINS [eUOINBU dowosd 0}
3)e)s 9ANDE JO uoieSUO0|0Id PUB UOIBAIIDE JO UOIOWOIY

moaBino apuunau Buunp
AlquuassesIp/A|quuasse JuaLe|oudIW JO uoie|ngay

N NTCIETTT
10 31p 03 5|32 Josindaud [EUOINBU JO UOND[BS

yimoig fjao Buunp Suipjos
uja)04d 40§ PUBWIBP PISEIIDU JO UOHEPOLULOIIY

8uipuq My

Buipuiq uingny.
Buipuiq py

sisoidode Jo uonqiyuy
Buipuiq wngny

awAzua Suiyeodun
-uliyied Juspuadap-d LV

sisojdode jo uomiqiyy
u1ajoud [eLIpUOYDOIN
Suipuiq uyngn
Buipuig pv

8uipuiq upy
sisoydode jo uoniqiyu)

suosadeyo se|ndsjow

L[BIeuISO4

ggluohiqug
Llerewsog

¢(6°613) sadeis o)
1e 3|qe10a1Rp ‘jelld diuoliquiy

& 2uokiquiy

z |eyeulsod

gINS0[2 agmy
{BAN3U pUB UOADNPU] [BUCINBU
Buunp ysiy ‘reuonau diuoAiquy

Auswdojaasp erewisod
Suunp sasealou; ‘jeuoInaN
(ISOLWILN pUOIag

ofene]

,|E1eUISO4

a'9'¢(2NSOD 3gN} [BINBU) G'6] WU
suoinau Sunenuasayip iuokiquil

ey

asnow  (9/0) 06dsH

ey
asNoW 02dsH

(€£dsH) uewnyy

ey

asnow 0£95H

ey 09dsH
uewnp
eljydosoig
ey

asnow  zzdsH/SzdsH

sdsH ||

judwdojara( [euonapN ul 3joy 3Jqissogd

SAIADOY

urRNey uoissasdxy

saadg dsy

wajsAs snortau ay} jo yuawdoparap Surnp sdsH jo uoissaidxy * ajqe;




28 Hear Shock Proteins in Neural Cells

tissues taken from rats at P1 to P15, with a small increase at P20.? Cellular examination of
Hsp70 was not performed in postnatal tissue due to the low levels detected.? However, given the
mainly glial localisation of this protein in the embryonic mouse® and the adult rat,'® it seems
likely that Hsp70 expression is also restricted to glia during early postnatal development.

At early stages of embryonic development (E12.5), Hsp908 (the constitutive member of
the 90 kDa Hsps) is ubiquitously expressed in the CNS, while the inducible form, Hsp90q, is
not detected.?> Hsp90a: begins to be expressed at E15.5, with a distribution that is similar to
that of Hsp90B, though at much lower levels.®> Hsp90 expression is fairly constant during
postnatal development, although it decreases slightly at P20 in the cerebellum and the cerebral
hemispheres.? Immunocytochemical studies demonstrate a neuronal localisation of Hsp90 at
all stages of postnatal development examined (P1, P15 and adult).? In the adult nervous sys-
tem, Hsp90s account for 1-2% of total cellular protein.”

Transcriptional Regulation of Hsp Expression during Neuronal

Development and Differentiation

In mammals, induction of Hsps occurs via the activation of three specific transcription
factors, HSF1, HSF2 and HSF4, which are members of the winged helix-turn-helix family of
transcription factors.'® Of these, HSF1 is normally expressed in the cytoplasm or the nucleus
as an inert monomer, and its activation is mainly associated with induction of Hsps in response
to stress.'” In contrast, HSF2 regulates Hsp expression under nonstress conditions, and has
particularly been associated with development and differentiation.?’ The function of HSF4 is
unclear, but it may be involved in negative regulation of Hsp gene expression and also, like
HSF1, may play a role during stress responses.”!

HSF1 expression in the developing postnatal rat brain increases from P1 to P30 in the
cerebellum and cerebral cortex during which time HSF2 levels decrease.?” Throughout devel-
opment, HSF1 expression is mainly nuclear in both neuronal and glial cells, while HSF2 ex-
pression is nuclear only during the earlier developmental stages (P2) and then changes to pre-
dominantly cytoplasmic, including expression in both the cell body and the dendritic processes
by P30.% Significantly, however, this profile shows no obvious correlation with Hsp levels
during postnatal development.”? Temporal and tissue-specific HSF2 activation occurs during
mouse embryogenesis, with highest expression observed between E8 and E15 and after this
time HSF2 activity is found only in the developing central nervous system.”* Again, however,
the localization of HSF2 does not parallel the sites of Hsp70 expression in the nervous sys-
tem.?? Expression of both HSF1 and HSF2 occurs during neural induction.?* HSF2 knockout
mice develop normally and the adults display normal cognitive and psychomotor function,
indicating that HSF2 is dispensible for normal brain development.?”> HSF1 knockout mice, on
the other hand, exhibit prenatal lethality along with numerous other developmental defects.?®
This is intriguing, since HSF1 activation is normally associated with cellular stress. Clearly, the
exact role and contribution of HSFs in controlling Hsp expression during neuronal develop-
ment remains to be elucidated.

It is conceivable that transcription factors other than HSFs and/or other promoter elements
may also regulate Hsp expression during development. An example is Brn3a, a POU transcrip-
tion factor, which has recently been shown to regulate Hsp27 expression.”” Brn3a is known to
promote retinal gang] ion cell differentiation,?® and to control soma size and axon pathfinding
of sensory neurons.””*® Taken together, these observations suggest that this transcription fac-
tor might play a role in the developmental regulation of Hsp27 in these neurons.!

Possible Roles of Hsps in Neuronal Differentiation and Development
of the Nervous System

Individual Hsps display distinct, but often overlapping, patterns of expression in the devel-
oping brain.?? It is likely therefore, that individual Hsps perform unique roles at different
stages of neuronal maturation. Little is known about what these roles are, but some probable
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Figure 1. Processes in neuronal development that are affected by Hsps.

functions can be inferred from their known biological activities in nonneuronal cells (see Table
1 for a summary).

The main role of Hsps is to act as molecular chaperones and, in particular, constitutively
expressed Hsps are active during protein synthesis to help in the correct folding of proteins and
to transport proteins across intracellular membranes. It is therefore probable that Hsp expres-
sion during neuronal development and differentiation is at least in part due to the high level of
protein synthesis that occurs during this process. Although this idea goes some way to explain-
ing their increased expression during development, it does not explain the different patterns of
expression. Control of protein-protein interactions underlies many of the other specific func-
tions of Hsps that may also be involved in neuronal development and differentiation. These
include control of cytoskeletal dynamics, inhibition of apoptosis, and regulation of intracellu-
lar signaling molecules (see Fig. 1). In accordance with the varied temporal and spatial expres-
sion of Hsps observed during neuronal development, it seems likely that Hsps contribute to
the developmental process in numerous ways, utilizing their varied functions.

Hsps as Inhbibitors of Apoptosis during Development of the Nervous System

One suggested function of inducible Hsps during embryonic development is to provide
protection against embryonic damage by heat and other stresses at vulnerable stages of devel-
opment.2* Immature or developing neurons are known to display greater sensitivity to induc-
tion of cell death by apoptosis than mature neurons.’>** It is well known that certain Hsps,
particularly Hsp70 and Hsp27, can inhibit apoptosis,?® including neuronal apoptosis (see
Chapter 5 by FitzGerald et al, this volume, ). Mechanisms of protection range from direct
interference in the apoptotic program, to acting as chaperones for unfolded or misfolded pro-
teins, increasing the cell’s antioxidant defences and maintenance of the cytoskeleton.>*%” This
topic is covered in more derail by FitzGerald et al in Chapter 5 in this volume.

Although developing neurons are sensitive to damage-induced death, programmed cell death
of about 50% of neurons is a normal, and indeed essential, feature of development of the
nervous system.**0 Neuronal death occurs in 50% of projecting neurons because of their
dependence on target-derived trophic factors, combined with the limited supply of these fac-
tors as postulated by the neurotrophic factor hypothesis.?! Whether Hsps can prevent this
form of death is not certain, although one study shows that Hsp27 overexpression reduces
death of PC12 cells caused by withdrawal of the neurotrophin, nerve growth factor (NGF).%
There is also evidence that at earlier stages of development, death of 50-70% of neuronal
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precursor cells occurs during neurogenesis (i.e., when the population is rapidly proliferating). 3%
Hsc70 may be one factor controlling the balance of cell death and survival during this pe-
riod. ¢ Downregulation of Hsc70 expression using antisense leads to an increase in apoptosis
in neural tissue from the neurulating chick embryo, demonstrating that this protein is impor-
tant in promoting survival of neuronal precursors.”” Hsp27 may also regulate the selection of
certain neuronal precursors to differentiate rather than die. In in vitro cultures of rat olfactory
neural progenitor cells treated with dopamine, some cells undergo apoptosis while others, which
accumulate Hsp27, survive and differentiate.®® A reduction in Hsp27 expression by antisense
reduces the frequency of differentiation.® These authors suggest that those cells that differen-
tiate escape from apoptosis by transiently accumulating high levels of Hsp27. It is tempting to
speculate that these in vitro findings could be related to the in vivo temporal and spatial pattern
of Hsp expression observed in the developing nervous system, and that in the developing ner-
vous system one function of Hsps could be to regulate the selection of certain neuronal precur-
sor cells to die or to differentiate.

Control of the Cytoskeleton by Hsps during Neuronal Differentiation
and Neurite Outgrowth

Developing neurons undergo extensive architectural remodeling during their proliferation,
migration and differentiation. This remodeling necessitates substantial reorganization of the
cytoskeleton, which is composed of microtubules, microfilaments, and intermediate filaments.
Together these proteins give the cell its overall shape, and their dynamic reorganization is a key
factor in cell motility, organelle transport and cell division.”” One of the most remarkable
features of developing neurons is the outgrowth of neurites from the cell body to form elabo-
rate dendritic arborization and the often highly elongated axon. Cleatly, this process involves
the formation of a supportive cytoarchitecture with precise spatial organization to facilitate the
morphological development of the cell into a mature, functional neuron.

The direction and pattern of neurite growth is determined by the growth cone, a highly
motile structure at the end of growing axons and dendrites. The basic mechanism of growth of
axons and dendrites is essentially the same, although research has mainly focused on axonal
growth. At the leading edge of the growth cone, finger-like protrusions called filopodia extend
forward to explore the environment ahead with trailing sheets of membrane (called lamellopodia)
in between. The movement of the growth cone is largely based on the presence of dynamic
microfilaments and microtubules. Microfilaments and microtubules are composed of globular
protein subunits, actin and tubulin, respectively, which enables the rapid assembly/disassembly
and reorganization of these cytoskeletal components. The filopodia contain parallel bundles of
microfilaments, while the lamellopodia contain networks of crossed filaments that radiate back
from the filopodial tips. Stable microtubules are prominent proteins in axons and dendrites
and the extension of these microtubules is what lengthens the neurite.® Mature axons also
contain intermediate filaments which are added relatively late in development. These comprise
fibrous proteins that provide mechanical strength and help stabilize cell shape. Five major types
of intermediate filament proteins are expressed in adult neurons: three neurofilaments, peripherin
and o-internexin,” while glial cells express GFAP and vimentin.”? Neurofilaments are respon-
sible for the radial growth of an axon and thus determine axonal diameter, which is related to
the speed at which it conducts impulses.

By direct binding to cytoskeletal proteins, Hsps could significantly influence the cytosk-
eleton during neuronal differentiation. 3354 Hsp27 was first identified as an actin-binding
protein® and it can cap the ends of actin filaments, preventing their oligomerisation. Upon
Hsp27 5;;hosphorylaltion, actin is released, allowing for its polymerisation and reorganiza-
tion.”*>’ Hsp27 binding to actin has been implicated in the differentiation of nonneuronal
cells.**® This function of Hsp27 might also be employed during neuritogenesis. In fact,
Hsp27 is upregulated in cultured rat adult dorsal root ganglion (DRG) neurons 24 h after
they are put in culture and Hsp27 staining is observed throughout the neuron, including the
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growth cone.” A more recent study shows that Hsp27 colocalises with actin and tubulin in
filopodia, lamellopodia and focal contacts during early stages of neurite outgrowth of DRG
neurons.®® At later stages, Hsp27 colocalises with actin in processes, branch points, and
growth cones. A normal growth pattern is dependent on Hsp27 phosphorylation, which
may be attributable to the ability of Hsp27 to regulate microfilament stability. Further evi-
dence to indicate that Hsp27 is a key molecule in neurite outgrowth and axon elongation
comes from the observation that, after axotomy in rat DRG neurons, Hsp27 is upregulated
and is distributed along axons in vivo and in the §r0wth cone in vitro, which is compatible
with a possible role in the growing tip of the axon.>” Taken together with the selective expres-
sion of Hsp27 in migrating and differentiating neurons,? these findings suggest that Hsp27
may play a role in neuritogenesis and neurite extension through its ability to regulate mi-
crofilaments and thus, alter cell morphology.

Transient expression of Hsp27 is observed during differentiation of immortalized rat olfac-
tory neuronal progenitor 13.5.1.24 cells and a reduction in the levels of Hsp27 expression by
antisense was found to reduce the frequency of differentiation.®® Although these authors sug-
gest that Hsp27 expression prevents apoptosis to allow differentiation to occur, their data do
not rule out a role for Hsp27 in the differendation process per se. Increased expression of
Hsp27 is also observed during nerve growth factor (NGF)-induced differentiation of PC12
cells (Fig. 2). In both the rat olfactory neurons?® and the PC12 cells, no increase in the expres-
sion of Hsp70 was detected, indicating that the process of differentiation does not, of itself,
induce a classical stress response. Increased Hsp27 expression during neuronal differentiation
is not a consistent finding, however. An increase in Hsp25 in mouse P19 embryonic carcinoma
cells is observed when they were differentiated to a cardiac but not a neuronal phenotype.°!

A number of Hsps, including HspZ7,62 Hsc70,53 Hsp70(’4 and Hsp9065 can directly bind
to tubulin and thereby regulate microtubule polymerisation and movement.** Hsp70 can also
regulate tubulin polymerization by acting as an antagonist of microtubule-associated proteins
(MAPs), thus inhibiting the tubulin polymerization.* Also, Hsp70 and Hsp90 can bind the
MAP tau, promoting its association with microtubules.®*®” MAPs may help regulate microtu-
bule assembly, cross-link microtubules to other cytoskeletal components and even help to an-
chor microtubules to membranes. The levels of the various MAPs change in characreristically
different ways during neuronal development, and thus, Hsps could differentially affect MAP
binding to microtubules depending on the developmental stage.
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Figure 2. Induction of Hsp27 by NGF treatment of PC12 cells. PC12 cells were treated for 0-5 days with
NGF (100 ng/ml). Samples containing 25 pg protein were subjected to 12% SDS-PAGE and then
transferred to nitrocellulose membrane which was probed with rabbit poloyclonal antibody against
Hsp25 or mouse monoclonal against Hsp70 (both from StressGen Biotechnologies) or rabbit polyclonal
against Actin (Sigma).
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Members of the Hsp70, Hsp90 and small Hsp families can interact with numerous inter-
mediate filaments.%® For example, Hsp27 is associated with both GFAP and vimentin in
astrocytoma cells.%® These glial intermediate filaments play a role in glial cell extension along
neurites.%? In neurons, Hsp27 has also been shown to be involved in the organisation of the
neurofilament network.®® In addition, Hsc70 associates with intermediate filaments includ-
ing vimentin’®’! although, unlike Hsp27, it does not appear to have any effect on filament
dynamics.®

It will be interesting to await further developments in this area, as Hsps, through their
interaction with cytoskeletal proteins, are likely to play key roles at all stages of neuronal devel-
opment including neurogenesis, migration of immature neurons, neurite outgrowth and pro-
jection of axons towards target cells.

Hsp Interaction with Intracellular Signaling Pathways Involved
in Neuronal Differentiation

During development neurotrophins support the differentiation and survival of neurons.
The best characterized of these, NGF, mediates its biological effects through binding to TrkA
and p75 receptors on the cell membrane. Upon NGF binding to TrkA, autophosphorylation of
the receptor activates phosphatidylinositol 3-kinase (PI3K)/Akt and MAPK signaling path-
ways.”? Significantly, Hsps have been associated with both of these signaling pathways. 7377
Hsp27 has been found to bind to Akt, a downstream effector of PI3K signaling.‘*z’”’i5 78
Coimmunoprecipitation of Hsp25 with Akt in cytosolic fractions derived from spinal motor
neurons following nerve injury, indicates that these two molecules also form complexes in
neuronal cells.”* Hsp interaction with Akt has been reported to promote Akt activation 273778
and to prolong its phosphorylated (i.e., active) state.”2 Hsp90 also modulates the activity of
Akt by preventing its dephosphorylation and sustaining the active state.”” Since
neurotrophin-induced PI3K/Akt si§naling is mainly associated with promoting cell survival
during neuronal differentiation’%? and is also involved in neuritogenesis in PC12 cells,*
particularly in suppressing neurite branching,® the effect of Hsp27 and Hsp90 may be to
positively influence survival and differentiation of neurons during development. In addition,
Hsp70 binds to unphosphorylated Aki® although the significance of this is unknown.

NGF signaling through TrkA also leads to activation of ERK and p38 MAPK pathways.?”
One of the downstream targets of p38 MAPK is MAPKAP kinase 2,%¥° which phosphorylates
Hsp27.7° As mentioned previously, Hsp27 phosphorylation is involved in actin reorganization
during differentiation, providing a link from neurotrophin to Hsp-controlled cytoskeletal re-
modeling, via MAPK signaling.

In addition, activation of HSF1 following heat shock in SH-SY5Y neuroblastoma cells is
dependent on PI3K activity.”! This is related to the ability of PI3K activation to inhibit glyco-
gen synthase kinase 3 (GSK3B), a negative regulator of HSF1.7? PI3K signaling therefore
offers a potential signaling mechanism whereby neurotrophins could lead to activation of HSF1,
via inhibition of GSK3B, during differentiation. Of course, as described eatlier, the exact con-
tribution made by HSF1 to Hsp expression during development or differentiation remains
unclear.

Axonal Transport

Formation of dendrites and axonal processes during neuronal development leads to and
requires an increase in protein transport. Fast axonal transport involves shuttling of proteins
within clathrin-coated vesicles.”® Hsc70 is an essential molecule in this process as it acts as an
ATP-dependent uncoating enzyme that releases clathrin from coated vesicles.”® During neu-
ronal differentiation, Hsc70 levels may therefore increase in order to facilitate the increased
demand for fast axonal transport of correctly folded proteins through clathrin-coated vesicles
to the plasma membrane.”>*® Hsp70, on the other hand, may play a role in slow axonal trans-

port, which involves association of proteins with microtubule, microfilament and neurofilament



The Role of Hsps in Neuronal Differentiation and Development 33

proteins. Hsp70 may also act as a cytoskeletal matrix cross-linker molecule, linking transported
cellular molecules to the actin microfilament via binding of Hsp70 directly to the cellular
targeting sequence.”’”

Mitochondrial Biogenesis

Hsp60 is a mitochondrial protein and therefore, increases in its expression probably reflect
increases in the mitochondrial content of cells. Mitochondrial biogenesis occurs postnatally in
the rat brain®®% and thus the increase in Hsp60 levels, and its neuronal distribution during
development® are probably linked to the rapid growth of neurons and their high metabolic
demands.

Concluding Remarks

Hsps are developmentally regulated in the nervous system. However, we are far from having
a complete understanding of their roles during neuronal development and differentiation. Clearly,
these proteins are important in control of the cytoskeleton, which underpins development of
the elaborate processes that extend throughout the nervous system, and whose dynamic regu-
lation is a key element in maintaining cell morphology, organelle trafficking and cellular sort-
ing processes in mature neurons. In particular, Hsp27 is strongly linked to neurite outgrowth
and process extension. Hsps may also play a role in regulating the decision of cells to undergo
apoptosis or to differentiate during development. The correct balance between cell death and
cell differentiation is essential for optimal development of the complex network of neurons
within the nervous system. In addition, some Hsps interact with key intracellular signaling
pathways that play important roles in neuronal survival and differentiation. Although numer-
ous direct connections between Hsps and neuronal development and differentiation have there-
fore been identified, the exact relevance and the ultimate consequence of such connections
remain unclear. Also, questions concerning regulation of Hsps during development are yet to
be fully answered. This exciting area of research clearly holds much scope for future work and
offers promise to expand our knowledge of these multi-functional proteins.
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CHAPTER 4

Heme Oxygenase as a Therapeutic Funnel
in Nutritional Redox Homeostasis
and Cellular Stress Response:

Role of Acetylcarnitine

Vittorio Calabrese,* Giovanni Pennisi, Menotti Calvani,
D. Allan Butterfield, Cesare Mancuso and Anna Maria Giuffrida Stella

Abstract
eduction of cellular expression and activity of antioxidant proteins and the consequent
Ri‘ncrease of oxidative stress are fundamental causes for both the aging processes and
eurodegenerative diseases. Oxidative stress has been implicated in mechanisms lead-
ing to neuronal cell injury in various pathological states of the brain. Alzheimer’s disease (AD)
is a progressive disorder with cognitive and memory decline, speech loss, personality changes
and synapse loss. Many approaches have been undertaken to understand AD, but the heteroge-
neity of the etiologic factors makes it difficult to define the clinically most important factor
determining the onset and progression of the disease. There is now evidence to suggest that
networks of responses exist in the brain to detect and contro! diverse forms of stress. This is
accomplished by a complex network of the so-called longevity assurance processes, which are
composed of several genes termed vitagenes. Among these, heat shock proteins form a highly
conserved system responsible for the preservation and repair of the correct protein conforma-
tion. Recent studies have shown that the heat shock response contributes to establish a
cytoprotective state in a wide variety of human diseases, including inflammation, cancer, aging
and neurodegenerative disorders. Given the broad cytoprotective properties of the heat shock
response there is now strong interest in discovering and developing pharmacological agents
capable of inducing the heat shock response. Acetylcarnitine (LAC) is proposed as a therapeu-
tic agent for several neurodegenerative disorders, and there is evidence that LAC may play a
critical role as a modulator of cellular stress response in health and disease states. In the present
review we discuss the role of the heme oxygenase pathway in cellular stress response. We then
review the evidence for the role of acetylcarnitine in modulating redox-dependent mechanisms
leading to up-regulation of vitagenes in brain, and hence potentiate brain stress tolerance.

Introduction
It is well established that living cells are constantly challenged by conditions which cause
acute or chronic stress. The brain has a large potential oxidative capacity but a limited ability to
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counteract oxidative stress.' Within the cell, reactive oxygen species (ROS) are physiologi-
cally present at minimal concentration as by-products of acrobic metabolism as well as second
messengers in many signal transduction pathways and, in normal conditions, there is a
steady-state balance between pro-oxidants and antioxidants which is necessary to ensure opti-
mal efficiency of antioxidant defenses.*” However, when the rate of free radical generation
exceeds the capacity of antioxidant defenses, oxidative stress ensues with consequential severe
damage to DNA, protein and lipids.5'® Oxidative stress has been implicated in mechanisms
leading to neuronal cell injury in various pathological states of the brain, including
neurodegenerative disorders such as Alzheimer’s discase (AD).11-15

Recently the term “nitrosative stress” has been used to indicate the cellular damage elicited
by nitric oxide and its congeners peroxynitrite, N,O3, nitroxyl anion and nitrosonium (all can
be indicated as reactive nitrogen species or RNS).16-18

From a molecular point of view, the cell is able to fight against oxidant stress using many
resources, including vitamins (A, C and E), bioactive molecules (glutathione, thioredoxin,
flavonoids), enzymes (Heat shock protein-32, superoxide dismutase, catalase, glutathione per-
oxidases, thioredoxin reductase, etc) and redox sensitive protein transcriptional factors (AP-1,
NFkB, Nif-2, HSF, etc). The heat shock proteins (Hsps) are one of the more studied defense
system active against cellular damage.

In this chapter we describe the more recent discoveries about the biochemical changes oc-
curring in the central nervous system (CNS), when brain cells are exposed to chronic oxidative
insult as well as the key role played by the heat shock response, particulatly the heme oxygenase
(Hsp32) and Hsp70 pathways, in modulating the onset and progression of AD. Whether or
not stress proteins are neuroprotective is still under debate; however, emerging evidence under-
scores the high potential of the Hsp system as a target for new neuroprotective strategies,
expecially those aimed at minimizing deleterious consequences associated with oxidative stress,
such as in neurodegenerative disorders and brain aging. We review here also the evidence for
the role of acetylcarnitine in modulating redox-dependent mechanisms leading to up-regulation
of vitagenes in brain, and hence potentiate brain stress tolerance.

Heme Oxygenase-1

Heme oxygenase-1 (HO-1), also referred to as heat shock protein-32, is the redox-sensitive
inducible isoform of the HO family. Heme oxygenase is a microsomal enzyme and catalyzes the
degradation of heme in a multistep, energy-requiring system. The reaction catalyzed by HO is the
a-specific oxidative cleavage of heme moieties to form equimolar amounts of ferrous iron, carbon
monoxide (CO) and biliverdin. This latter is then reduced by the cytosolic enzyme biliverdin
reductase to bilirubin (BR), which is then conjugated with glucuronic acid and excreted.'’

Increasing evidence suggested that the HO-1 gene is redox regulated (Fig. 1) and contains
in its promoter region the antioxidant responsive element (ARE), similar to other antioxidant
enzymes.”® In fact HO-1 can be induced by several stimuli including oxidative and nitrosative
stress, ischemia, heat shock, LPS, hemin and the neuroprotective agent neotrofin.?1"*3 HO-1
induction is one of the earlier cellular responses to tissue damage and is responsible for the
rapid transformation of the pro-oxidant heme into CO and BR, two molecules with
anti-inflammatory and anti-oxidant activity.24%’

The HO-1 gene is induced by other factors (Fig. 2), including metallophorphyrins and
hemin, as well as ultraviolet A (UVA) irradiation, hydrogen peroxide, pro-oxidant states or
inflammation.?82 This characteristic inducibility of HO-1 gene strictly relies on its configura-
tion: the 6.8-kilobase gene is organized into 4 introns and 5 exons. A promoter sequence is
located approximately 28 base paits upstream from the transcriptional site of initiation. In
addition, different transcriptional enhancer elements, such as heat shock element and metal
regulatory element reside in the flanking 5' region. Also, inducer-responsive sequences have
been identified in the proximal enhancer located upstream the promoter and, more distally, in
two enhancers located 4kb and 10 kb upstream the initiation site.>* The molecular mechanism
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Figure 1. Redox regulation of gene expression involving Acetylcarnitine and the Vitagene system. Pro-
posed role for acetylcarnitine and the vizagene member HSPs, in modulation cellular redox state and cell
stress tolerance. Various proteotoxic (or genotoxic) conditions cause depletion of free HSPs that lead to
activation of stress kinase and proinflammatory and apoptotic signaling pathways. HSP70 prevents
stress-induced apoptosis by interfering with the SAPK/JTNK signaling and by blocking caspase proteolytic
cascade. Nitrosative-dependent thiol depletion triggers HO-1 induction, and increased HO-1 activity
is translated into augmented production of carbon monoxide and the antioxidant bilirubin. Exogenous
non toxic inducers, such as acetylcarnitine or polyphenols can counteract increased NOS activity and
NO-mediated cytotoxicity through up-regulation of the HO system. HO-1 may directly decrease NO
synthase protein levels by degrading the cofactor heme. (PLA;: phospholipase Ay, IL-6: interleukin-6;
AP-1: activator protein-1; SAPK: stress-activated protein kinase; JNK: c-jun N-terminal kinase; NFkB:
nuclear factor kappa-B; GSNO: S-nitrosoglutathione; HO-1: heme oxygenase-1).

that confers inducible expression of 4o-1 in response to numerous and diverse conditions has
remained elusive. One important clue has recently emerged from a detailed analysis of the
transcriptional regulatory mechanisms controlling the mouse and human Ao-1 genes. The in-
duction of ho-1 is regulated principally by two upstream enhancers, E1 and E2.3! Both en-
hancer regions contain multiple stress (or antioxidant) responsive elements (StRE, also called
ARE) that also conform to the sequence of the Maf recognition element (MARE)*? with a
consensus sequence (GCnnnGTA) similar to that of other antioxidant enzymes.33 There is
evidence to suggest that heterodimers of NF-E2-related factors 2 (Ntf2) and one or another of
the small Maf proteins (i.e., MafK, mafF and MafG} are directly involved in induction of 4o-1
through these MAREs.>? A possible model, centered on Nrf2 activity, suggests that the ho-1
locus is situated in a chromatin environment that is permissive for activation. Since the MARE
can be bound by various heterodimeric basic leucine zipper (bZip) factors including NF-E2, as
well as several other NF-E2-related factors (Nrfl, Nrf2, and N1f3), Bach, Maf and AP-1 fami-
lies,>! random interaction of activators with the 4o-1 enhancers would be expected to cause
spurious expression. This raises a paradox as to how cells reduce transcriptional noise from the
bo-1 locus in the absence of metabolic or environmental stimulation. This problem could be
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Figure 2. Physiological and pathophysiological conditions inducing cellular stress response. Environ-
mental stress factors, such as heavy metals, cytokines, heat shock or energy metabolism inhibitors or
pathophysiological conditions of oxidant antioxidant balance perturbation such as inflammation, graft
rejections, neuronal damage, ischemia and brain aging are all situations associated with induction of
cellular stress response. Hsp response is also involved in cellular homeostasis during various physiological
conditions, such as during brain development and differentiation, cell cycle, apoptosis and oncosis,
oncogene and growth factors action, as well as mRNA and protein half-life. The heme oxygenase system
represents a therapeutic funnel for cellular stress tolerance and can be activated by non noxious stimuli,
such as nutritional antioxidants or acetylcarnitine. Acetylcarnitine, through activation of the redox
sensitive transcription factor Ntf-2, by up-regulating HO-1 may counteract nitrosative stress and
NO-mediated neurotoxicity. In the same figure are described the respective roles of protein factors Bach-2
(positive) and Keap (negative) in Nrf2 activation.

reconciled by the activity of repressors that prevent nonspecific activation. One possible candi-
date is the heme protein Bachl, a transcriptional repressor endowed with DNA binding activ-
ity, which is negatively regulated upon binding with heme. Bach1-heme interaction is medi-
ated by evolutionarily conserved heme regulatory motifs (HRM), including the cysteine-proline
dipeptide sequence in Bach1. Hence, a plausible model accounting for the regulation of bo-1
expression by Bach1 and heme, is that expression of 4o-1 gene is regulated through antagonism
between transcription activators and the repressor Bach1 (Fig. 2). While under normal physi-
ological conditions expression of ho-1 is repressed by Bach1/Maf complex, increased levels of
heme displace Bach1 from the enhancers and allow activators, such as heterodimer of Maf or
Keap with NF-E2 related activators (Ntf2), to the transcriptional promotion of ho-I gene®!
(Fig. 2). To our knowledge, the Bachl- Ao-1 system is the first example in higher eukaryotes
that involves a direct regulation of a transcription factor for an enzyme gene by its substrate.
Thus, regulation of 4o-I involves a direct sensing of heme levels by Bach1 (by analogy to lac
repressor sensitivity to lactose), generating a simple feedback loop whereby the substrate affects
Tepressor-activator antagonism.
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The promoter region also contains two metal responsive elements, similar to those found in
metallothionein-1 gene, which respond to heavy metals (cadmium and zinc) only after recruit-
ment of another fragment located upstream, between -3.5 and 12 kbp (CdRE). In addition, a
163-bp fragment containing two binding sites for HSE-1, which mediates the HO-1 transcrip-
tion are located 9.5 kb upstream of the initiation site.* The distal enhancer regions are impor-
tant in regulating HO-1 in inflammation, since, as has been demonstrated, they are responsive
to endotoxin. In the promoter region also resides a 56 bp fragment which responds to the
STAT-3 acute-phase response factor, involved in the down-regulation of HO-1 gene induced

by glucocorticoid.>>*

HO-1, Oxidative Stress and Neurodegenerative Disorders

The mechanisms responsible for neuronal death are not completely elucidated, even if many
studies suggest that ROS are primarily involved in the genesis of neurodegenerative disor-
ders.!'"13373 Dye to its strong antioxidant properties and wide distribution within the CNS
HO-1 has been proposed as a key enzyme in the prevention of brain damage.?""?>4? Recently,
Panahian et al using transgenic mice over-expressing HO-1 in neurons, demonstrated the
neuroprotective effect of this enzyme in an experimental model of ischemic brain damage. !
The neuroprotective effects of over-expressed HO-1 can be attributed to: (i) increase in cGMP
and bcl-2 levels in neurons; (ii) inactivation of p53, a protein involved in promoting cell death;
(iii) increase in antioxidant sources and (iv) increase in the iron sequestering protein, ferritin. !
Particularly interesting is the role played by HO-1 in AD, a neurodegenerative disorder which
involves a chronic inflammatory response associated with both oxidative brain injury and B-amy-
loid associated pathology. Significant increases in the levels of HO-1 have been observed in AD
brains in association with neurofibrillary tangles and also HO-1 mRNA was found increased in
AD neocortex and cerebral vessels.®4% The HO-1 increase was not only in association with
neurofibrillary tangles, but also colocalized with senile plaques and glial fibrillary acidic
protein-positive astrocytes in AD brains.** It is plausible that the dramatic increase in HO-1 in
AD may be a direct response to an increase in free heme concentrations, associated with
neurodegeneration, and can be considered as an attempt of brain cells to convert the highly
toxic heme into the antioxidants CO and BR.

The protective role played by HO-1 and its products in AD raised new possibilities regard-
ing the possible use of natural substances, which are able to increase HO-1 levels, as potential
drugs for the treatment of AD. In this light, very promising are the polyphenolic compounds
contained in some herbs and spices, e.g., curcumin.*>*” Curcumin is the active anti-oxidant
principle in Curcuma longa, a colouring agent and food additive commonly used in Indian
culinary preparations. This polyphenolic substance has the potential to inhibit lipid peroxidation
and to effectively intercept and neutralize ROS and RNS.* In addition, curcumin has been
shown to significantly increase HO-1 in astrocytes and vascular endothelial cells.%* This
latter effect on HO-1 can explain, at least in part, the anti-oxidant properties of curcumin, in
particular keeFing in mind that HO-1-derived BR has the ability to scavenge both ROS and
RNS. 24275051 Epidemiological studies suggested that curcumin, as one of the most prevalent
nutritional and medicinal compounds used by the Indian population, is responsible for the
significantly reduced (4.4- fold) prevalence of AD in India compared to United States.’? Based
on these findings, Lim and colleagues have provided convincing evidence that dietary curcumin
given to an Alzheimer transgenic APPSw mouse model (Tg2576) for 6 months resulted in a
suppression of indices of inflammation and oxidative damage in the brain of these mice.”
Furthermore, in a human neuroblastoma cell line it has recently been shown that curcumin
inhibits NFKB activation, efficiently preventing neuronal cell death.*®

Although it is generally agreed that HO-1 over-expression is a common feature during
oxidative stress, recent papers demonstrated that HO-1 can be repressed following oxidant
conditions. In particular human cells exposed to hypoxia, thermal stress and interferon-y
treatment showed a marked HO-1 repression and this effect seems to be peculiar for human,
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because rodent cells over-expressed HO-1 when exposed to the same stimuli.***” The im-
portance of HO-1 repression has been corroborated by the discovery of Bach-1/Bach-2 as
heme-regulated transcription factors for the HO-1 gene.’® In fact, Bach-1 is broadly ex-
pressed in mice and human tissues and, in human cells, it is induced by the same stimuli
which are able to repress the HO-1 gene.**>*%! The reason why the cell should react to an
oxidant stress by repressing HO-1 gene is strictly related to the maintenance of a good meta-
bolic balance during stressful conditions. The current hypothesis suggests that HO-1 repres-
sion is useful for the cell because this (i) decreases the energy costs necessary for heme degra-
dation; (ii) reduces the accumulation of CO and BR, which can become toxic if produced in
excess; and (iii) increases the intracellular content of heme necessary for the preservation of
vital functions such as respiration and defense.®

Carbon Monoxide and Stress Response

Carbon monoxide (CO) is the gaseous products of HO and it has been found to play a
role in several biological phenomena, including hippocampal long-term potentiation,
nonadrenergic noncholinergic gastrointestinal relaxation and vasodilatation, and is currently
regarded as a neuromodulator in the peripheral and central nervous system (for an extensive
review on CO and its functions in the nervous system see tef. 40). Evidence from in vitro
and in vivo studies suggests that the HO-CO pathway is involved in the modulation of the
neuroendocrine mechanism of stress. Thus, increased CO generation is clearly associated
with the inhibition of K* stimulated arginine vasopressin (AVP) and oxytocin release from
rat hypothalamic explants, whereas the inhibition of HO activity significantly potentiates
the LPS-induced increase in AVP circulating levels while reducing the hypothalamic content
of this neuropeptide.®*% With regards to corticotropin-releasing hormone (CRH), the ef-
fects of CO on the release of this hormone are contradictory, since increases in CO genera-
tion induced by the HO substrates, hematin and hemin, were associated with reduced or
enhanced CRH release respectively, in two different in vitro models.®>%® As far as the intra-
cellular mechanism(s) by which CO exerts its biological functions, it is generally agreed that
this gas activates the cgtosolic form of guanylyl cyclase (sGC), which in turn increases intra-
cellular cGMP levels.”> However during the last ten years many studies have appeared in
literature demonstrating that CO signals through the activation of alternative intracellular
signal transduction pathways. Studies from our laboratory suggested that the activation of
another hemoprotein, cyclooxygenase (COX), plays a significant role in CO signaling in the
rat hypothalamus. In these studies we demonstrated that hemin, the precursor of CO via
HO, dose-dependently increases PGE; production from rat hypothalamus in vitro and this
effect is specifically due to CO because it is counteracted by the HO inhibitor
Sn-mesoporphyrin-IX and oxyhemoglobin, the latter being a well known scavenger for CO.5”
The direct evidence about the stimulatory role of CO on PGs production was obtained by
incubating hypothalami directly in CO saturated solutions and measuring significantly in-
creased PGE; levels with respect to control tissue.?> Recently Jaggar et al,® in a very elegant
paper, demonstrated that exogenous or endogenously produced CO dilates cerebral arteri-
oles by directly activating large-conductance Ca**-activated K* (Kc,) channels primarily by
increasing the coupling ratio and amplitude relationship between Ca®* sparks and K¢, chan-
nels. Although CO is a potent and effective activator of K¢, channels, the gas does not dilate
arterioles in the absence of Ca®* sparks. Therefore, CO appears to act by priming K¢, chan-
nels for activation by Ca?* sparks, and this ultimately leads to arteriole dilation via mem-
brane hyperpolarization.5® Finally, Otterbein et al®® have shown that in organs and tissues
different from brain, CO exerts anti-inflammatory and anti-apoptotic effects dependent on
the modulation of the p38 MAPK-signaling pathway. By virtue of these effects, CO confers
protection in oxidative lung injury models, and likely plays a role in HO-1 mediated tissue
protection.®’
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Heat Shock Protein-70

The 70 kDa family of stress proteins is one of the most extensively studied. Included in this
family are Hsc70 (heat shock cognate, the constitutive form), Hsp70 (the inducible form, also
referred to as Hsp72) and GRP-75 (a constitutively expressed glucose-regulated protein found
in the endoplasmic reticulum).

Only recently, the availability of transgenic animals and gene transfer allowed to over-express
the gene encoding for Hsp70, thus demonstrating that overproduction of this protein leads to
protection in several different models of nervous system injury.”®”! Following focal cerebral
ischemia, Hsp70 mRNA is synthesized in most ischemic cells except in areas of very low blood
flow, due to scarce ATP levels. Hsp70 proteins are produced mainly in endothelial cells, in the
core of infarcts in the cells that are most resistant to ischemia, in glial cells at the edges of
infarcts and in neurons outside the areas of infarction’? It has been suggested that this neuronal
expression of Hsp70 outside an infarct can be used to define the ischemic penumbras, i.e., the
zone of protein denaturation in the ischemic areas.”*

As mentioned above, Hsps are induced in many neurodegenerative disorders mainly in the
view of its cytoprotective function. Hsp72 was overexpressed in post-mortem cortical tissue of
AD patients and an increase in Hsp70 mRNA was found in cerebellum, hippocampus and
cortex of AD patients during the agonal phase of the disease.”>”> Recently Kakimura et al”®
demonstrated that Hsp70 induces IL-6 and TNF-o in microglial cells, and this event is associ-
ated with an increased phagocytosis and clearance of AB peptides. The same authors hypothesize
that Hsps could activate microglial cells through NFkB and p-38 MAPK-dependent pathways.”®

A large body of evidence now suggest a correlation between mechanisms of nitrosative stress
and Hsp induction. We have demonstrated in astroglial cell cultures that cytokine-induced
nitrosative stress is associated with an increased synthesis of Hsp70 stress proteins. The mo-
lecular mechanisms regulating the NO-induced activation of heat-shock signal seems to in-
volve cellular oxidant/antioxidant balance, mainly represented by the glutathione status and
the antioxidant enzymes.””"’®

Acetylcarnitine

Mitochondria are cellular organelles involved in many metabolic processes such as pyruvate
oxidation, the tricarboxylic acid cycle, fatty acid B-oxidation and are the common final path-
way of oxidative phosphorylation, which generates most of the cellular energetic source, ATP.
It has been proposed that accumulation of mitochondrial DNA (mtDNA) during life is a
major cause of age-related disease and this is because of its high mutagenic propensity. The lack
of introns and protective histones, limited nucleotide excision and recombination DNA repair
mechanisms, location in proximity of the inner mitochondrial membrane which exposes mtDNA
to an enriched free radical milieu, are all factors contributing to a 10-fold higher mutation rate
occurring in the mtDNA than in the nuclear DNA. Relevant to mitochondrial bioenergetics,
in fact, is the finding of a significant decrease in state 3/state 4 ratio, which has been observed
to occur in brain as function of age.” Since this respiratory control ratio relates to the coupling
efficiency between electron flux through the electron transport chain and ATP production, an
increase in state 4 would result in a more reductive state of mitochondrial complexes and,
consequently, to an increase in free radical species production. A decrease in state 3/state 4
respiration during aging has been found associated with a significant decrease in cardiolipin
content in brain mitochondria.® This loss could play a critically important role in the age-related
decrements in mitochondrial function, and appears to be associated with both quantitative and
qualitative region-specific protein changes, which are parallel to structural changes, such as
decrease of the inner membrane surface, smaller as well as sparser cristae, decreased fluidity and
increased fragility. Modifications in cardiolipin composition are recognized to accompany func-
tional changes in brain mitochondria, which include all proteins of the inner mitochondrial
membrane that generally require interaction with cardiolipin for optimal catalytic activity.®!
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ACETYL-CARNITINE

Figure 3. Chemical structure of Acetyl-L-carnitine.

Acetylcarnitine (LAC) (Fig. 3) is an ester of the trimethylated amino acid, L-carnitine, and
is synthesised in the brain, liver, and kidney by the enzyme LAC-transferase. LAC facilitates
the uptake of acetyl-CoA into the mitochondria during fatty acid oxidation, enhances acetyl-
choline production, and stimulates protein and membrane phospholipid synthesis.®? At present,
studies have shown that LAC is a compound of great interest for its wide clinical application in
various neurological disorders: it may be of benefit in treating Alzheimer’s dementia, chronic
fatigue syndrome, depression in the elderly, HIV infection, diabetic neuropathies, ischemia
and reperfusion of the brain, cognitive impairment of alcoholism, aging.83%> The neuroprotective
benefits of this compound have been observed in the hipgocampus, prefrontal cortex, substan-
tia nigra and muscarinic receptor portions of the brain.%® These benefits include antioxidant
activity, improved mitochondtial energetics, stabilization of intracellular membranes and cho-
linergic neurotransmission.”” Promising therapeutic applications of LAC are derived from ob-
servations that this compound crosses the blood-brain barrier through a saturable process in a
sodium-dependent manner and improves neuronal energetic and repair mechanisms, while
modifying acetylcholine production in the CNS.®® LAC treatment restores the altered neuro-
chemical abnormalities, cerebral energy metabolites in ischemia and aging and, in particular,
ammonia-induced cerebral energy depletion.’’” In addition, it increases the responsiveness of
aged neurons to neurotrophic factors in the CNS and it has preventive and corrective effects on
diabetic neuropathology. Its beneficial effects have been also observed on EEG, evoked poten-
tials and long-term synaptic potentiation in aged animals.®® Moreover, LAC is commonly used
also for the treatment of painful neuropathies: it exerts a potent analgesic effect by up-regulating
metabotropic glutamate receptors.”® There are experimental data that LAC improves memory
function in Alzheimer’s patients and it influences attention, learning and memory in the rat.”!
Chronic treatment enhances spatial acquisition in a novel environment of rats with behavioral
impairments and has a slight effect on retention of the spatial discrimination in a familiar
environment.”> More recently, it has been observed that LAC produces sustained changes of
nonassociative learning of sensitization and dyshabituation type in the invertebrate Hirudo
medicinalis, and it has been suggested that LAC might exerts its effects by means of new protein
synthesis, through qualitative and quantitative changes of gene expression. Furthermore, re-
cent evidences have reported that LAC influences expression of glyoxylase 1, a gene involved in
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the detoxification of metabolic by-products, and increases p75-mRNA in Alzheimer’s disease
mutant transgenic mouse model Tg2576.°> Recently, by using suppressive subtractive
hybridisation (SSH) strategy, a PCR-based cDNA subtraction procedure particularly efficient
for obtaining expressed transcripts often obscured by more abundant ones, it was reported that
LAC modulates specific genes in the rat CNS, such as the hsp72 gene, the gene for the isoform
of 14-3-3 protein and that encoding for the precursor mitochondrial P3 of ATP synthase
lipid-binding protein.**

Acetylcarnitine fed to old rats increased cardiolipin levels to that of young rats and also
restored protein synthesis in the inner mitochondrial membrane, as well as cellular oxidant/
antioxidant balance, suggesting that administration of this compound may improve cellular
bioenergetics in aged rats.” Fascinatingly, caloric restriction, a dietary regimen that extends
life-span in rodents, maintains the levels of 18:2 acyl side chains and inhibits the cardiolipin
composition changes.’® In addition, caloric restriction was shown to retard the aging associated
changes in oxidative damage, mitochondrial oxidant generation and antioxidant defenses ob-
served during aging.””?®

Interestingly, we have recently demonstrated that acetylcarnitine treatment of astrocytes
induces HO-1 in a dose and time dependent manner and that this effect was associated with
up-regulation of other Hsps as well as high expression of the redox-sensitive transcription fac-
tor Nrf2 in the nuclear fraction of treated cells.” In addition, we showed that addition of LAC
to astrocytes, prior to LPS and INFy-induced nitrosative stress, prevents changes in mitochon-
drial respiratory chain complex activity, protein nitrosation and antioxidant status induced by
inflammatory cytokine insult.%? Very importantly, this new envisioned role of LAC as a mol-
ecule endowed with the capability of potentating the cellular stress response pathways appear
to provide an alternative therapeutic approach for those pathophysiological conditions where
stimulation of the HO pathway is warranted.” Although clinical application of compounds
potentiating the action of stress responsive genes should be fully considered, a better under-
standing of how HO mediates its action will guide therapeutic strategies to enhance or sup-
press HO effects. Remarkably, the recent envisioned role of Hsp70 as a vehicle for
intra-cytoplasmic and intra-nuclear delivery of fusion proteins or DNA to modulate gene ex-
pression®!%® along with the evidence that binding of HO protein to HO-1 DNA modifies
HO expression via nonenzymatic signaling events associated to CO and p38-dependent in-
duction of Hsp70,'*! open intriguing perspectives, as it is possible to speculate that synergy
between these two systems might represent a possible important target for the acetylcarnitine
action, with possible impact on cell survival during times of oxidative stress, hence contribut-
ing to activation of cell life programs and to the extent of cellular stress tolerance.

Conclusions and Perspectives

Modulation of endogenous cellular defense mechanisms véa the stress response signaling
represents an innovative approach to therapeutic intervention in diseases causing tissue dam-
age, such as neurodegeneration. Efficient functioning of maintenance and repair processes
seems to be crucial for both survival and physical quality of life. This is accomplished by a
complex network of the so-called longevity assurance processes, which are composed of sev-
eral genes termed vizagenes. Consistently, by maintaining or recovering the activity of vitagenes
it can be possible to delay the aging process and decrease the occurrence of age-related dis-
eases with resulting prolongation of a healthy life span.57¢! As one of the most important
neurodegenerative disorders, AD is a progressive disorder with cognitive and memory de-
cline, speech loss, personality changes and synapse loss. With the increasingly aging popula-
tion of the United States, the number of AD patients is predicted to reach 14 million in the
mid-21st century in the absence of effective interventions.>*> This will pose an immense
economic and personal burden on the people of the U.S.A. Similar considerations apply
worldwide, except in sub-Sahara Africa, where HIV infection rates seem to be leading to
decreased incidence of AD. There is now strong evidence to suggest that factors such as



48 Heat Shock Proteins in Neural Cells

oxidative stress and disturbed protein metabolism and their interaction in a vicious cycle are
central to AD pathogenesis. Brain-accessible antioxidants, potentially, may provide the means
of implementing this therapeutic strategy of delaying the onset of AD, and more in general
all degenerative diseases associated with oxidative stress.””'2 As one potentially successful
approach, potentiation of endogenous secondary antioxidant systems can be achieved by
interventions which target the HO-1/CO and/or Hsp70 systems. In this review, the impor-
tance of the stress response signaling and, in particular, the central role of HO-1 together
with the redox-dependent mechanisms involved in cytoprotection are outlined. The benefi-
cial effects of HO-1 induction result from heme degradation and cytoprotective regulatory
functions of biliverdin/bilirubin redox cycling. Thus, HO-1 can amplify intracellular
cytoprotective mechanisms against a variety of insults. Consequently, induction of HO-1,
by increasing CO and/or biliverdin availability can be of clinical relevance.

Very importantly, HO-1 and CO can suppress the development of atherosclerotic lesions
associated with chronic rejection of transplanted organs.'® Consistently, LAC, as a mol-
ecule endowed with the capability of potentating the cellular stress response pathways, ap-
pears to afford similar protective action, theteby providing an alternative therapeutic ap-
proach valuable for all those pathophysiological conditions where stimulation of the HO
pathway becomes a primary target.

Presented here is strong evidence that a crosstalk between stress response genes is critical
for cell stress tolerance, highlighting compelling reasons for a renewed effort to understand
the central role of this most extraordinary defense system in biology and medicine. All of the
above evidence also supports the notion that stimulation of various maintenance and repair
pathways through exogenous intervention, such as mild stress or compounds targeting the
heat shock signal pathway, such as LAC, may have biological significance as a novel ap-
proach to delay the onset of various age-associated alterations in cells, tissues and organisms.
Hence, by maintaining or recovering the activity of vitagenes it can be possible to delay the
aging process and decrease the occurrence of age-related diseases with resulting prolongation

of a healthy life span.
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CHAPTER 5

Heat Shock Proteins and the Regulation
of Apoptosis
Una FitzGerald, Adrienne M. Gorman and Afshin Samali*

Abstract

ince the elucidation of their functions in protein folding and translocation, heat shock
S protein chaperones have been a target of research in all spheres of biomedicine. Within

the last five years, research efforts have intensified, following the discovery of raised levels
of heat shock protein (Hsp) expression in the brains of patients suffering from many
neurodegenerative disorders, including Alzheimer’s, Parkinson’s and Huntington’s diseases and
cerebral ischaemia. Expression of Hsps in the brains of patients is thought to form part of a
general protective stress response. The stress in question, however, varies, depending on the
particular disease. For example, accumulation of o-synuclein aggregates in Parkinson’s Disease
causes stress to the protein folding machinery of the cells, with consequent up-regulation of
stress proteins including Hsps. When markers indicative of the occurrence of apoptosis were
also found in degenerating brain tissue, the question of how heat shock proteins might impact
on apoptotic neural cells was raised. However, their particular function under diseased condi-
tions remains unclear. This chapter highlights the involvement of Hsps in the regulation of
neural apoptosis, from the original reports of Hsp expression during neurological disorders, to
evidence of their neuroprotective properties and their potential as therapeutic molecules.

Introduction to Apoptosis

Within tissues cell death can occur via either necrosis or apoptosis. Necrosis is a passive
form of cell death occurring mainly under pathological conditions, where a rapid loss of ion-flux
control leads to the swelling and rupture of the cell and its organelles. In contrast, apoptosis is
a controlled, energy-dependent form of cell death involving an elaborate network of signal
transduction pathways in both its initiation and execution. Characteristic hallmarks of apoptosis
include membrane blebbing, condensation of nuclear chromatin, cytoplasmic shrinkage, nuclear
fragmentation and formation of apoptotic bodies. Apoptosis is induced in response to a large
variety of stimuli including cytokines, cytotoxic drugs, oxidative stress and ionising radiation.
These diverse stimuli trigger apoptosis by activating one or more signal transduction pathways,
which then converge to activate a conserved family of aspartic-acid specific cysteine proteases,
referred to as caspases.” Caspases are constitutively expressed within cells as inactive precursor
zymogens and are activated in response to apoptotic stimuli by changes in the three dimen-
sional structure of the protein or by specific proteolytic cleavage.>> Once activated they or-
chestrate the demise of the cell through the cleavage of a specific subset of cellular substrates,’
resulting in the characteristic biochemical and morphological changes associated with apoptosis.”
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Figure 1. Caspases can be activated by at least three different pathways leading to apoprosis. A) Mitochon-
drial pathway is initiated due to release of cytochrome ¢ from the mitochondrial intermembrane space into
the cytosol, leading to the formation of the apoptososme which culminates in the activation of caspase-9.
B) The death receptor pathway, activated by trimerization of death receptors at the plasma membrane (e.g.,
Fas receptor), which leads to autoactivation of caspase-8. Daxx, a nuclear protein, translocates to the
membrane during Fas-mediated apoptosis. Daxx binds at one end to the Fas receptor and at the other with
Ask1, thus mediating a caspase-independent cell death. There is a cross-talk between the death receptor
pathway and the mitochondria, through cleavage of the protein Bid, by caspase-8. C) The ER stress pathway
is activated when unfolded proteins accumulate in the ER or when there is disruption in the ER Ca**
homeostasis, which leads to activation of caspase-12, possibly by a Ca**-mediated process involving calpain.
Ca* may also amplify the pathway by acting on mitochondria.

Caspase activation during apoptosis can proceed via a number of different pathways (Fig.
1). The extrinsic pathway involves the binding of death ligands to cell surface receptors (e.g.,
Fas/CD95/Apo-1 or TNF receptor) resulting in the recruitment of the adaptor molecules Fas
Associated Death Domain (FADD) or TNF Receptor Associated Death Domain (TRADD) to
the cytosolic end of the receptor leading to the formation of the Death Inducing Signalling
Complex (DISC) at the plasma membrane and resultant activation of pro-caspase-8 and thereby
pro-caspase-3.%419 In addition to FADD, the DAXX adaptor molecule may also transduce death
signals to JNK, via apoptosis signal-regulacing kinase 1 (ASK1) recruitment to the DISC. As
JNK is a substrate of ASK1, this broadens the effect of Fas ligand binding to include
JNK-mediated apoprosis (Fig. 1A R

The intrinsic pathway is initiated throu$h the release of cytochrome ¢ from the inter-
membrane space of mitochondria (Fig. 1B). 213 Cytochrome ¢ translocates across the outer
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mitochondrial membrane, by a number of possible pathways' to the cytosol, where it binds
to Apoptosis Protease Activating Factor 1 (Apaf-1) and in the presence of dATP (or ATP)
cytochrome ¢/dATP facilitates Apaf-1 oligomerization and the recruitment of pro-caspase-9.">
The formation of this caspase-activating complex, termed the apoptosome, results in the
activation of pro-caspase-9, which further amplifies the caspase cascade by its ability to pro-
cess effector caspases including pro-caspase-3.

The endoplasmic reticulum (ER) stress-induced pathway is a more recent and controversial
apoptotic program, originally identified when ER-associated caspase-12 was cleaved in response
to chemical inducers of ER stress.'”2° Although the origin of the particular ER disturbance may
differ, it activates a common signalling pathway termed the unfolded protein response (UPR).**?
Three ER trans-membrane proteins initiate the UPR and these are: an ER-associated type I
trans-membrane protein kinase (Irel), activated transcription factor 6 (ATF6) and PKR-like
endoplasmic reticulum kinase (PERK). In resting cells, the 78 kDa glucose-regulated protein
(Grp78 or Bip) binds the ER-luminal ends of these molecules but in the presence of ER stress, it
detaches from Irel, PERK and ATFG6, thus, enabling their activation. PERK activation leads to
a temporary halt in protein translation and under certain conditions, the activation of the
pro-apoptotic protein Gadd153 or CHOR. Active Irel causes induction of the X-box binding 1
(XBP1) transcription factor, thought to induce expression of itself and a subset of other proteins
involved in the UPR.??> ATFG, activated through cleavage, activates transcription of chaperone
proteins and transcription factors, e.g., Grp78 and XBP1. Controversy surrounding ER
stress-induced apoptosis has centred on the lack of expression of caspase-12 in human cells.?4?>
However, the search for the functional homologues of human caspase-12 has indicated a pos-
sible role for caspase-4 in mediating apoptosis triggered by the ER (Fig. 1C).%

The mitochondrion has been identified as a central control point for the integration of
diverse death signals during apoptosis. Many of the key molecules involved in apoptosis are
located within or associated with the mitochondrion.!® These include cytochrome ¢,2 AIE?®
Smac/Diablo,? EndoG,? Puma®! and pro-caspase-3.2>2 When released into the cytosol, these
molecules function both in the initiation and execution of the apoptotic program. It is there-
fore unsurprising to find that the mitochondrion serves as a control point for cross-tatk be-
tween the intrinsic, extrinsic and ER stress pathways of apoptosis. In this respect it is well
established thar the activation of pro-caspase-8 by death receptors can result in the cleavage of
an endogenous cellular protein, Bid, generating a truncated pro-apoptotic fragment that trans-
locates to the mitochondrion where it induces cytochrome ¢ release.3%4 This mitochondrial
step is found to be critical in certain cell types where the engagement of death receptors alone
is not sufficient to induce caspase activation without cytochrome ¢ release.?> Further reports
also suggest that stimuli that induce DNA damage and subsequently apoptosis do so via trans-
location from the nucleus to the mitochondrion of molecules that stimulate the release of
cytochrome ¢.3¢%” Naturally, since the mitochondrion has such a key role during apoptosis
many of the endogenous cellular proteins that function as crucial inhibitors of cell death ex-
ecute their anti-apoptotic capabilities by acting on mitochondria and preventing the release of
crucial pro-apoptotic proteins.

To date the best-characterised endogenous protein modulators of apoptosis are the mem-
bers of the Bcl-2 family of proteins.?® Both pro- and anti-apoptotic members of this family
have been identified and studied within mammalian cells, where they are seen to function as
key determinants of cell fate. However, the recent correlation between the expression of Hsps
and increased cell survival, has pointed to Hsps as playing a critical role in the regulation of the
apoptotic machinery.

Hsp27 and Hsp70, the Anti-Apoptotic Heat Shock Proteins

Members of the heat shock family of proteins can be divided into two camps. The first
contains chaperones, that are constitutively expressed and whose normal function is aiding
protein folding and maturation (e.g., Hsc70), but whose expression does not seem to readily
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Figure 2. Heat shock protein regulation of apoptotic pathways. A mechanism by which apoptosis is
initiated is due to changes in the intracellular redox balance and production of reactive oxygen species.
This results in changes in the mitochondria and release of pro-apoptotic factors. Hsp27 and Hsp70 can
maintain both redox homeostasis and mitochondrial stability in the cell. Also Hsp27 can bind to cyto-
chrome ¢, after its release from mitochondria, and pro-caspase-3, thus, preventing apoptosome formation
and events downstream of mitochondrial damage. In cell-free systems, Hsp70 has also been demonstrated
to inhibit apoptosome formation. Apart from the caspase-dependent apoptosis, Hsp27 is reported to
block Daxx-mediated cell death. Hsp27 can prevent the transiocation of Daxx to membrane and its
interaction with Fas. Currently there is no information regarding the role of Hsp27 or Hsp70 in the
regulation of ER stress-mediated apoptosis.

change in response to stress. The second consists of Hsps which may, albeit at low levels, or
may not be constitutively expressed in cells, but whose expression is significantly induced in
response to stress. These latter proteins have been shown to have cytoprotective properties and
exert their effect by inhibiting apoptosis. Hsp27 and Hsp70 are the main chaperones associ-
ated with an anti-apoptotic effect in vivo. The mechanisms by which they are thought to
impinge on apoptosis, are described below and summarised in Figure 2.

Hsp70 and the Regulation of Apoptosis

There are many ways in which Hsp70 can inhibit the execution of caspase-dependent
apoptosis and caspase-independent cell death. Most are centred on mitochondria-mediated
events. For example, direct binding of the Apaf—l CARD domain by Hsp70 was shown to
prevent apoptosome formation and caspase-9 activation in cell-free systems. 3940 However,
recent findings suggest that inhibition of caspase activation by Hsp70 is due to interference
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with mitochondrial release of cytochrome ¢.#! Through direct binding of another
mitochondria-associated protein, AIE, Hsp70 can broaden its protective role by inhibiting
caspase-independent nuclear fragmentation.*>** Although Hsp70 has been shown to be pro-
tective in a TNFa-induced cell death model, recent studies indicate that whether or not
Hsp70 is protective in a given pathway, depends on whether or not activation of the mito-
chondrial pathway is required.** Hsp70 may also employ indirect mechanisms to inhibit
amplification of death inducing signals. For example, Hsp70, by inhibiting JNK activity,
prevents or down-regulates Bid-, p53- and/or c-myc-mediated release of cytochrome ¢ and
Smac/Diablo in response to stress. 5% However, this notion was contradicted in a different
model system by Jaattela and colleagues who showed that cells over-expressing Hsp70 did
not prevent activation of stress kinases including JNK, but rather inhibited the downstream
effects of caspase activity.*? Alternatively, Hsp70 may interfere with post-mitochondrial sig-
nalling, through direct binding of pro-caspases -3 and -7.%°

In addition to the stress-activated JNK, Hsp70 has also been shown to directly bind ASK1,
preventing its homo-oligomerization, with consequent protection of cells from oxidative stress
and death through inhibition of ASK1-mediated cytochrome ¢ release.>

The range of protective effects associated with Hsp70 may be altered, depending on whether
or not Hsp70 is in complex with cochaperones including Hsp40 or BAG-1. Under normal
conditions, Hsp70 exists as a monomer, executing house-keeping chaperone functions. How-
ever, under stressed conditions, it may be found in complex with Hsp40, thus, broadening its
substrate specificity.”>>? This is especially important when such a complex can alter the ex-
pected anti-apoptotic effect, to a pro-apoptotic one. For example, in complex with Hsp40,
Hsp70 had been shown to enhance caspase-activated DNase, thus augmenting T-cell
receptor-mediated apoptosis.>** However, in line with general observations for Hsp70, while in
complex with other cochaperones, e.g., DNaJ, Hsp70 protects cells by inhibiting Bax translo-
cation to the mitochondria.>®

Hsp27 and the Regulation of Apoptosis

In many ways, the protective effects of Hsp27 supplement those described for Hsp70. For
example, while Hsp70 may prevent release of cytochrome ¢ from mitochondria, phosphorylated
Hsp27, through direct cytochrome ¢ binding, inhibits apoptosome formation and subsequent
activation of caspase-9.%>° In addition, Hsp27 has been shown to inhibit caspase-3 activity, by
interacting with pro-caspase-3, preventing its cleavage by caspase-9.57%0 At the level of mitochon-
dria, Hsp27 may also exert its protective effect by inhibiting the release of SMAC/Diablo.5!

Unlike Hsp70, Hsp27 has the potential to interfere directly with death-receptor
death-inducing signals, without the need for the involvement of mitochondrial factors. This
effect is achieved by phosphorylated dimers of Hsp27 which are capable of interacting with
and inhibiting DAXX, which links the Fas receptor to Ask 1 and the downstream JNK path-
way.®? Another kinase linked to Hsp27’s protective role, is Akt, a pro-survival molecule, which
targets and inactivates Ask1.%> Hsp27 interacts with Ak directly and has been proposed to
enhance its activation through its chaperone function.5*6> Hsp27 is itself a target of active Akt
and once phosphorylated, it is released from the Akt complex and so becomes available to
participate in other anti-apoptotic functions. A similar indirect protective activity has been
proposed for Hsp27, through participation in a complex between ubiquitin and IkBa. kB
functions to sequester the pro-survival transcription factor NF-xB. Phosphorylation of kB
leads to its ubiquitination and subsequent degradation by the 26S proteasome. By direct bind-
ing of the proteasome, the ubiquitin chains and phosphorylated IxBa, Hsp27 facilitates the
degradation of IkBo..® This releases NF-xB, enabling its translocation to the nucleus where it
transactivates the expression of pro-survival genes.

Studies of Hsp27 function under conditions of oxidative stress-induced cell death, have
indicated that Hsp27 achieves its protective effect by increasing glutathione levels,%° reduc-
i 11 tive oxygen species (ROS),%7° raising glucose-6-phosphate dehydrogenase
Ing cytosolic reac Xygen sp g g phosp ydrog
activity’* and/or lowering cytosolic iron.%?
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The potential for Hsp27 to protect cells through preservation of the architecture of the
cytoplasm has been the subject of much recent discussion. Based on studies of post-translational
modification of Hsp27 in heat-shocked or stressed cells, stabilisation of actin filaments by
the phoszphorylated nonoligomeric form of Hsp27 has been implicated in its protective func-
tion.”7%7% Hsp27 has a known role in actin reorganisation, a phenomenon which is re-
quired for the formation of membrane blebs and apoptotic bodies that are generated during
the course of apoptosis.”>’¢ This role appears to contradict the suggested actin-protecting
functions described above, raising the possibility that the particular actin-associated function
of Hsp27 during apoptosis may be signal- and cell type-dependent. However, given that
many structural proteins are cleaved by caspase-3 during apoptosis,® it is conceivable that
Hsp27’s ability to inhibit caspase-3 may be sufficient to maintain the cytoskeleton intact. In
neurons, the cytoskeletal protective function of Hsp27 has been linked to its ability to de-
crease levels of phosphorylated tau and enhance nonubiquitin-dependent degradation of
hyperphosphorylated tau.”7’® Further details of the effects of Hsp27 on tau are provided in
Chapters 2 and 6.

Apoptosis, Hsps and Neurodegenerative Disorders

That apoptosis occurs during the course of the neurodegenerative disease process, is well
documented. Caution is, however, required when interpreting data derived from human
tissue, as artefactual occurrence of DNA degradation during tissue processing may lead to
false conclusions. In most cases, detection of nuclear fragmentation or cleaved forms of caspases
or their substrates is used to detect apoptosis. For example, in neurons and glia, terminal
transferase-mediated biotinylated-UTP nick end-labelling (TUNEL) detected raised level of
fragmented DNA in brain tissue derived from Alzheimer’s’>®? and Huntington’s Disease
patients.8#> More recently, TUNEL positivity was detected in addition to raised levels of
Bax, Bcl-2, cleaved caspase-3 and cleaved poly(ADP-ribose) polymerase (PARP) in
Huntington’s Disease brain tissue.® A very useful discussion of some of the issues surround-
ing the use of DNA fragmentation as an apoptosis marker is presented by Tatton et al (2003),%
who also confirmed the occurrence of DNA fragmentation, Bax up-regulation and caspase-3
cleavage during Parkinson’s Disease (PD).%6 Additional studies of PD tissue have shown the
raised lgg(;l; of apoptosis signalling molecules including the Fas receptor®” and caspases -3, -8
and -9.%%

Neurodegenerative diseases, whether acute or chronic, are a major medical problem in the
aging population. Therapies are rare and applied usually during the late stages of the disease,
when a vast number of cells are already lost. Many efforts have been made to develop new
strategies to treat these disorders, but so far, there has been no breakthrough. A characteristic
shared by some experimental neuroprotective substances is the induction of the Hsps and in
particular Hsp70 and Hsp27. In response to many metabolic disturbances and injuries cells
mount a stress response with induction of a variety of proteins, most notably inducible Hsps.
There is evidence that upon injury to the brain Hsp70 is induced to high levels in brain regions
that are relatively resistant to injury. With the availability of transgenic animals and gene trans-
fer, it has become increasingly clear that selective over-expression of Hsps leads to protection in
several different models of nervous system injury that involve neurodegeneration and apoptosis,
including ischemia/excitotoxicity and models of Parkinson’s and Alzheimer’s diseases. Some of

these will be discussed.

IschemialExcitotoxicity

About 700,000 Americans suffer ischemic stroke each year. That is, one every 45 seconds
(American Stroke Society statistics). The brain is particularly vulnerable to ischemic damage
and even transient interruption to blood flow can cause significant neuronal cell death. Con-
siderable evidence supports a role for apoptosis in cerebral ischemia. While damaged neurons
often die from necrosis, apoptosis contributes significantly to cell death subsequent to cerebral
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ischemia, with apoptosis being predominant when the insult is relatively mild. Hippocampal
neurons are particularly susceptible to cell damage and this is largely mediated through
over-excitation of glutamate receptors as a result of uncontrolled glutamate release. This latter
phenomenon is termed excitotoxicity. Oxygen-glucose deprivation and exposure of neurons to
glutamate are both used to mimic neuronal cell death during ischemia.

Overexpression of Hsp70 has been shown to provide protection from cerebral ischaemia
both in animal models of stroke and in cell culture models and has been shown to involve
anti-apoptotic, anti-necrotic and anti-protein aggregation mechanisms.”® For example, com-
parison of the effect of an ischemic insult on Hsp70 transgenic mice versus their wild-type
litter-mates demonstrated significant neuroprotection in transgenic animals.”® Similarly, Hsp70
over-expression protects hippocampal neurons from global cerebral ischemia, and this protec-
tion may be mediated in part by increased Bcl-2 expression.”” In another example of
Hsp70-mediated protection it was shown that primary cultures of dorsal root ganglia (DRG)
sensory neurons can be protected against subsequent severe thermal or ischaemic stress by mild
thermal or ischaemic preconditioning or by over-expression of Hsp70.%® In an excitotoxic model
of retinal ischaemia, intravitreal injection of NMDA, a glutamate receptor agonist, was used to
induce apoptosis in retinal ganglion cells. Again, hyperthermic preconditioning leading to el-
evated Hsp70 reduced the number of TUNEL-positive cells in the RGCL.>

Astrocytes perform many functions that protect neurons during stress, including transmit-
ter uptake, metabolic support, and protection from oxidative stress. However, their protective
role can be enhanced by over-expressing Hsp70 in astrocytes. This was elegantly demonstrated
by Gifford and colleagues, when murine cortical astrocytes transfected with Hsp70 were
cocultured with neurons and shown to protect them from the effects of combined oxygen-glucose
deprivation, or glucose deprivation.”®

Protection from death caused by ischaemia can also be achieved through over-expression of
Hsp27, as demonstrated when rat retinal ganglion cells were transfected with Hsp27.7

Parkinson’s Disease

Mitochondrial dysfunction and oxidative stress have been implicated in PD. In addition,
genetic evidence points to an important role for protein misfolding, aggregation, and failure in
the proteasomal degradation of specific neuronal proteins in the pathogenesis of PD. Recently,
Hsp70 gene transfer to dopaminergic neurons by a recombinant adeno-associated virus (AAV)
was found to significantly protect the mouse dopaminergic system against MPTP-induced
neuron loss and the associated decline in striatal dopamine levels and tyrosine
hydroxylase-positive fibers.””

A variety of in vitro model systems have also been used to investigate molecular mecha-
nisms of PD, including cell lines such as PC12, MN9D and primary cultures of mesencephalic
neurons. For example, over-expression of Hsp70 protected MES (mesencephalic/neuroblas-
toma) cells from rotenone-mediated cytotoxicity and decreased soluble a-synuclein aggrega-
tion.”® In this study, the protection afforded by Hsp70 transfection was related to suppression
of rotenone-induced oxidative stress as well as mitochondrial and proteasomal dysfunction.
Heat shock, leading to the induction of both Hsp70 and Hsp25, has also been shown to
protect PC12 cells against cell death by the Parkinson mimetics, MPP* and 6-hydroxydopamine
(Fig. 3).%1% Moreover, the induction of Hsp25 in PC12 cells following exposure to 6-OHDA
was associated with cell survival and over-expression of human Hsp27 in these cells attenuated
6-OHDA-induced apoprosis.'®

Intracellular proteinaceous inclusions called Lewy bodies (LB) are the histological hallmarks
of PD, and are primarily composed of misfolded aggregates of a-synuclein into prefibrillar and
fibrillar species. Aggregation and cytotoxicity of misfolded a-synuclein is postulated to be cru-
cial in the disease process of PD and DLB (dementia with Lewy bodies). Hsp70 has been
shown to inhibit o-synuclein fibril formation via preferential binding to prefibrillar species and
to alter the characteristics of toxic a-synuclein full aggregates.!?!
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Figure 3. Inhibition of 6-hydroxydopamine (6-OHDA)-induced apoptosis by heat shock and
overexpression of Hsp27. A. PC12 cells were exposed to 200 pM 6-OHDA for 24 h. Cytocentrifuge
preparations of the cells were made and stained with haematoxylin and eosin. The arrow indicates a cell
with a condensed and fragmented nucleus characteristic of apoptosis. B and C. In order to investigate the
effect of Hsps on the induction of apoptosis, cells were either untreated (WT), heat shocked at to 41.5
°C for 1 h (HS) or were transfected with Hsp27 (Hsp27) prior to treatment with 200 pM 6-OHDA for
24 h. Apoptosis was determined by staining cells and counting those with condensed nuclei (B) and by
assessing DEVDase caspase activity in whole cell extracts (C).
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Table 1. Neuroprotective strategies exploiting Hsp70

Model Disorder Mode of
System Targeted Overexpression  Comment Reference
HT22 mouse General Retroviral Partial protection from 106
hippocampal  neurodegen- transduction glutamate toxicity achieved.
neurons eration
Primary Ischaemia HSV-mediated Geldanamycin treatment 90
astrocytes infection duplicated effect of infection

of cells
Primary Ischaemia Transgene Primary astrocytes and 107
astrocytes expression hippocampal but not cortical
and neurons neurons were protected from
from Hsp70 ischaemia. Whole animal not
transgenic protected.
mouse
Dorsal root Ischaemia Thermal Survival of DRG cells following 93
ganglion Pre-conditioning  lethal thermal shock or ischaemia
neurons and transfection ~ was increased by Hsp70

overexpression.
Transgenic Ischaemia Transgene Reduced mortality and brain 91
mouse overexpression damage in Hsp70 transgenic

mice. Suggested role for

HSP interaction with AIF.
Animal Ischaemia HSV-mediated Hippocampal CA1 neurons 20
subjected infection protected in vivo from
to ischaemia affects of ischaemia.
Transgenic Ischaemia Transgene Infarction volume reduced 108
mouse expression following MCAO blockade.
Transgenic Ischaemia Transgene Hippocampal neurons showed no 109
mouse expression pyknosis after MCAO occlusion.
Intravitreal Ischaemia Thermal Reduced number of TUNEL- 94
injection and excito-  Pre-conditioning  positive retinal ganglion cells.
of NMDA toxicity
MPTP Parkinson’s  Adenoviral Neuronal loss in substantia 97
mouse disease infection nigra reduced.
Transgenic Parkinson’s ~ Transgene Reduced a-synuclein aggregation 102
mouse and disease expression and cytotoxicity in the presence
human H4 and cellular of Hsp70 overexpression.
neuroglioma transfection
cells
Mixed rat Alzheimer’s  Viral Hsp70 over-expression rescued 104
primary disease infection neurons in vitro from the toxic
cortical effects of p-amyloid accumulation.

cultures
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Table 2. Neuroprotective strategies exploiting Hsp27

Model Disorder Mode of
System Targeted Over-Expression  Comment Reference
RGC-5 rat ischaemia Transfection Cells protected from serum, 96
retinal ganglion oxygen and glucose reduction
cell line and calcium overload.
HCN2A Alzheimer's  Chemical Hsp27 reduced levels of 77
neuronal cells disease delivery hyperphosphorylated tau and
enhanced its degradation.
ND7 DRG dorsal ~ Parkinson’s ~ HSV-mediated Reduced caspase activity 103
root ganglion/ disease infection detected. Hsp70 was not
neuroblastoma protective against same
fusion cells insults, with exception
of ischaemia.
PC12 rat Parkinson’s  Transfection Increased survival of 100
pheochrom- disease 6-OHDA-treated cells

ocytoma cells over-expressing Hsp27.

In an in vivo model, breeding o-synuclein transgenic mice with Hsp70-overexpressing mice
led 1o a significant reduction in a-synuclein aggregation and toxicity of both the high molecular
weight and detergent-insoluble a-synuclein species.'®

Similarly, Hsp27 has been shown to have a potent anti-apoptotic effect a.%a.inst the damage
caused by wild-type and mutant a-synuclein in mammalian neuronal cells.'®® However, it is
intriguing to note that the same study did not find a similar protection by Hsp70.

Alzheimer’s Disease

There is comparatively litde evidence to indicate that Hsps may have protective effects in
Alzheimer’s disease. Expression of amyloid beta peptide has been reported to induce Hsp70 in
neurons and in the same study Hsp70 overexpression rescued neurons from the toxic effects of
intracellular amyloid beta accumulation.!®* Estrogen and androgens have also been shown to
protect against intracellular amyloid beta toxicity through inducing Hsp70.'% Thus, Hsp70
may have potential in neuroprotection in models of Alzheimer’s disease.

A summary of the data demonstrating a protective role for artificially-induced expression of
Hsp70 or Hsp27 is given in Tables 1 and 2.

Concluding Remarks

Heat shock proteins and in particular Hsp70 and Hsp27 have emerged as potent inhibitors
of apoptosis. They exert their effects by inhibiting protein aggregate formation and proteotoxicity,
they block mitochondrial damage and they prevent caspase activation. Many neurodegenerative
diseases display protein aggregation, oxidative stress and mitochondrial dysfunction, which
suggests that Hsps could be promising therapeutic molecules. It is clear from the studies
described above, that under conditions which cause apoptosis during neurodegenerative
disease, depending on the cell type, animal strain and means of inducing over-expression of
Hsp70 or Hsp27, protection can be achieved. However, before over-expression of heat shock
proteins can be accepted as a means of reducing cell death, further studies will be required in
order to define the criteria required for successful treatment.
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Abstract

n recent years, it has become increasingly evident that the majority of neurodegenerative
I disorders is associated with the aggregation and deposition of proteins in inclusion bodies.

To avoid this abnormal deposition of proteins the cells recruit molecular chaperones to
suppress aggregation and the ubiquitin/proteasome pathway (UPP) to remove the
aggregate-prone proteins. The UPP is the major nonlysosomal degradation pathway for intra-
cellular proteins. UPP impairment and/or its overload are likely to be major contributors to the
aggregation of ubiquitinated proteins detected in most neuronal inclusion bodies. The mecha-
nisms leading to the formation of inclusion bodies are not well defined. In this chapter, we
discuss cellular strategies to deliver substrates to the UPP and their potential contribution to
the development of intracellular proteins aggregates. In the future, a better understanding of
the steps leading to protein aggregation and their deposition in inclusion bodies is likely to
provide opportunities for effective therapeutic interventions.

Introduction

Proteolysis is an important cellular event involving tightly regulated removal of unwanted
proteins and retention of those that are essential. In addition to its function in normal protein
degradation, the ubiquitin/proteasome pathway (UPP) plays a critical role in the quality con-
trol process. The UPP eliminates mutated or abnormally modified proteins by degradation to
prevent their accumulation as aggregates that often form intracellular inclusion bodies.

Intracellular inclusion bodies containing ubiquitinated proteins are detected in a variety of
degenerative diseases. These diseases range from neurological disorders, such as Alzheimer’s
disease, Parkinson’s disease, amyotrophic lateral sclerosis, Huntington’s disease and spinocer-
ebellar ataxias, to liver diseases, such as Wilson’s disease and alcoholic hepatitis, to name a few.!
Whether these inclusion bodies are pathogenic or represent a coping mechanism to prolong
survival of the affected cells, such as neurons and hepatocytes, is a hotly debated issue. The
abnormal protein aggregates, however, are indicative of a malfunction of the process of protein
turnover since they are not prevalent in healthy individuals.
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The major structural components of inclusion bodies vary from cell type to cell type. For
example, microtubule associated zeu proteins are found in cortical neurofibrillary tangles,
a-synuclein in dopaminergic Lewy bodies and huntingtin in nuclear inclusions in the striatum
(reviewed in ref. 2). However, most of these protein deposits contain ubiquitinated proteins.
The massive neuronal deposition of ubiquitinated proteins in inclusion bodies in
neurodegenerative disorders implicates the UPP in their formation. It is likely that these pro-
tein aggregates develop when the capacity of the proteasome as well as that of molecular chap-
erones is exceeded by the production of aggregation-prone misfolded proteins. The mecha-
nisms leading to the formation of these protein aggregates remain to be fully characterized. In
an effort to provide a general overview of the current information available on this topic, we
will address the following issues: (1) Protein degradation by the UPP; (2) Potential mecha-
nisms for the formation of ubiquitin-protein aggregates; (3) Subcellular distribution of
ubiquitin-protein aggregates. This review will end with (4) Conclusions. Please note that this
review is not intended to be comprehensive and we apologize to the authors whose work is not
mentioned here.

Protein Degradation by the UPP

The proteolytic mechanism of the UPP has a broad specificity, cleaving peptide bonds after
basic, acidic and hydrophobic amino acids. This pathway requires most proteins to be tagged
by ubiquitin for proteasomal targeting. However, there is a $mall set of proteins, such as orni-
thine decarboxylase, that is targeted for proteasomal degradation by ubiquitin-independent
means (revxewed in ref. 3). Besides ubiquitination, recent studies established that folded pro-
teins require an additional targeting signal for efficient proteasomal degradation.* Indeed, an
unstructured initiation site on the protein substrate significantly accelerates its degradation by
the proteasome.

In general, proteolysis by the UPP involves two major steps: ubiquitination followed by
degradation. A de-ubiquitination step also plays important roles in this pathway as it edits the
ubiquitination state of the different substrates and removes the ubiquitin tag for recycling.

Ubiquitination/De-Ubiquitination

Ubiquitin (Ub) is a small protein of 76 amino acids and it can form polyubiquitin chains.
To target proteins for proteasomal degradation, polyubiquitin chains are formed by the suc-
cessive attachment of monomers by an isopeptide bond formed between the side chain of
Lys48 in one ubiquitin and the carboxyl group of the C-terminal Gly76 of a neighboring
Ub. Attachment of polyubiquitin chams to lysine residues on a protein results in at least a
10-fold increase in its degradation rate.’ Polyubiquitin chains with linkages involving lysine
residues other than Lys48 on ubiquitin, were found to play distinct roles. These alternate
polyubiquitin chains play a role in DNA repair, activation of NF-xB, polysome stability and
endocytosis, to name a few.®

Polyubiquitination of proteins is a complex process involving four steps (Fig. 1). The first
step involves the formation of a high-energy thioester bond between Ub and a
ubiquitin-activating enzyme (E1) in a reaction that requires ATP hydrolysis. In the second
step a thioester bond is formed between the activated ubiquitin and ubiquitin-conjugating
enzymes (E2). In the third step the carboxyl terminal of Ub is covalently attached to the
protein substrate. This reaction is mediated by ubiquitin ligases (E3), which confer substrate
specificity to the UPP. In general, the first ubiquitin conjugated to a protein is atrached to
the e-amino group of substrate lysines via an isopeptide bond. However, recent findings
demonstrated that ubiquitin can also be conjugated to the a-amino group of the N-terminal
residue (reviewed in ref. 7) or to intramolecular cystemes of the substrate.® In some cases,
ubiquitin can be transferred directly to the protein substrate by ubiquitin-conjugating en-
zymes (E2). In the fourth step, multiubiquitin chains are assembled by a family of
ubiquitination factors (E4) that produces longer Ub-chains.’
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Figure 1. Protein ubiquitination. First, a high-energy thioester bond is formed between ubiquitin (Ub) and
aubiquitin-activating enzyme (E1). This reaction requires AT P hydrolysis. Secondly, the activated ubiquitin
is transferred to a ubiquitin conjugating enzyme (E2). Thirdly, the activated ubiquitin is ligated to the
protein substrate by a ubiquitin ligase (E3). Lastly, the ubiquitin chain is elongated by an ubiquitin-chain
elongating factor (E4), which drives the assembly of the polyubiquitin chain.

While the number of distinct E1 enzymes is small, there are many E2 and E3 enzymes,
indicating that this pathway operates through selective proteolysis (reviewed in ref. 10). At
least 50 E2s were identified in humans.!! They share a common 150-amino acid catalytic core,
whereas each subfamily possesses affinity for a different class of E3 enzymes. E3s recognize
specific protein substrates for ubiquitination and coordinate the ligation of ubiquitin to the
substrate. The human genome contains at least 1,000 different E3s, providing high specificity
to the UPP? Mechanistically, two classes of E3s have been described (reviewed in ref. 11). One
class, the HECT-domain E3s,'? have a conserved Cys residue that participates in the transfer
of activated ubiquitin to a target protein. The HECT-E3s form ubiquitin-thioester intermedi-
ates and ubiquitinate substrates directly. The second class of E3s is not catalytic. Instead, these
E3s stabilize a molecular scaffold for E2 interaction with the substrate. The E2 will then ligate
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ubiquitin to the substrate. Some of these E3s consist of just one subunit (RING finger domain
E3s) and others are multi-subunit complexes (SCF-type E3, VBC-Cul2 E3, anaphase promot-
ing complex, to name a few).

The assembly of polyubiquitin chains can be a processive reaction requiring E1, E2 and
E3 enzymes. In many instances, another enzyme is recruited that provides for a more effi-
cient polyubiquitin chain assembly. These polyubiquitin elongation factors are collectively
known as E4s (reviewed in ref. 13). So far, three types of E4s have been identified. The first
type includes the U-box-containing E4s. The U-box is a 70-residue domain structurally
related to the E3 RING-finger domain. One example of this E4 type is CHIP (C-terminus
of Hsc70-interacting protein) a protein that is particularly relevant to neurodegeneration.
Upon CHIP interaction with HSP90 and HSP70 it acts as an E3 ligase leading to the
ubiquitination and proteasomal degradation of misfolded proteins that are chaperone-bound
(reviewed in refs. 13,14). CHIP in collaboration with the E3 ligase parkin, was also shown to
act as an E4 elongation factor for the unfolded Pael receptor.'® The second type of E4s
includes nonU-box E4s for which p300 is an example. This transcriptional cofactor was
shown to attach polyubiquitin chains to p53 previously monoubiquitinated by the E3 ligase
MDM2 (reviewed in ref. 13). Finally, the third type of E4s, so far only identified in C.
elegans, consists of an E3-E4 polyubiquitinating complex (reviewed in ref. 13). In this case,
two E3s, CHN-1 and UFD-2 act in concert as an E4, thus polyubiquitinating the myosin
chaperone UNC-45.

Ubiquitin is removed from ubiquitinated proteins by de-ubiquitinating enzymes, which
also disassemble polyubiquitin chains. More than 70 genes encoding for de-ubiquitinating
enzymes have been identified in humans.!® There are two major classes of de-ubiquitinating
enzymes. The first class, the ubiquitin carboxyl-terminal hydrolases (UCHs), removes smail
amides, esters, peptides and small proteins at the carboxyl terminus of ubiquitin. The second
class, the ubiquitin-specific processing proteases (UBPs), disassembles the polyubiquitin chains
and edits the ubiquitination state of proteins.!”

Proteasome Degradation

One of the functions of covalently binding Ub to proteins is to mark them for degradation
by the 26$ proteasome (Fig. 2), a multicomponent enzymatic complex with a molecular mass
of approximately 2,000 kDa.'® The 26S proteasome includes two major particles: a 20S par-
ticle, known as the 20S proteasome, which is the catalytic core, and a 19S particle, known as
PA700, which is the regulatory component.

The 20S particle is composed of 28 subunits arranged in four heptameric-stacked rings
forming a cylindrical structure with a hollow center in which proteolysis takes place.'® The 208
proteasome hydrolyzes most peptide bonds present in a protein,? and its rate of hydrolysis is
influenced by its subunit composition.?! Assembly of this particle from precursor subunits is a
complex process and requires the assistance of a short-lived chaperone.

The 198 particle contains at least 15 subunits, including ATPases, a de-ubiquitinating en-
zyme and polyubiquitin-binding subunits. It confers ubiquitin/ATP-dependency to proteoly-
sis by the 26S proteasome.'® The subunits in the 19S particle are distributed into a lid and base
arrangement, with the lid required for ubiquitin/ATP-dependent Feptide bond hydrolysis.”?
The base containing the ATPases exhibits chaperone-like activity.?

Association between the two particles in the cell is a dynamic process and requires
ATP-hydrolysis. The 208 proteasome can associate with other regulatory members, such as
PA28, but this combination is not known to regulate the degradation of polyubiquitinated
proteins. '8

The 26S proteasome is found in the cytoplasm next to intermediate filaments of the
cytoskeleton.?’ It also resides in the nucleus and in association with the cytoplasmic side of
the ER membrane.?%¥ Localization studies with fluorescently labeled subunits of the 20$
and 198 particles demonstrated that proteasomal proteolysis occurs mainly at the nuclear
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Figure 2. The 26S proteasome. Its two major particles, the 208 particle (208 proteasome) which is the
catalytic core, and the 198 particle (PA700) which is the regulatory component, require ATP hydrolysis
to assemb{g into the 26S proteasome. The crystal structure of the 20S proteasome was obtained from
1ryp.pdb.

envelope/rough ER site.?® An important function of such proteolysis is to eliminate abnor-
mal secretory proteins residing in an ER/preGolgi compartment.” Functionally inefficient,
misfolded or unassembled ER proteins leave this intracellular compartment by retrograde
transport through the Sec61 translocation channel. They are ubiquitinated by
ubiquitin-conjugating enzymes associated with the cytosolic side of the ER membrane and
then degraded by the cytosolic 26S proteasome.?? Although this ER degradation pathway
appears to be nonessential for viability, its importance is underscored by its evolutionary
preservation “despite strong negative selection” since disruption of this mechanism seems to
be associated with many disease states.”

Potential Mechanisms for the Formation
of Ubiquitin-Protein Aggregates

The role of inclusion bodies in the progression of neurodegeneration is unknown.?® On the
one hand inclusions may be beneficial and result from an attempt of the cell to isolate a sub-
class of ubiquitinated proteins thar are not effectively degraded. On the other hand, the inclu-
sions may impede normal cell function contributing to cell death. The size and abundance of
the inclusions maybe critical determinants of their toxicity.>! Accordingly, small inclusions
may be protective while expanded inclusions may confer fatal effects that can contribute to
neuronal cell damage.

Several mechanisms leading to the formation of intracellular aggregates of ubiquitinated
proteins have been proposed. We will discuss four of them that may be relevant to the develop-
ment of inclusion bodies in neurodegenerative disorders.
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UBA/UBL “Noncanonical” Chaperones

The first mechanism involves “noncanonical” chaperones that deliver ubiquitinated pro-
teins to the 26S proteasome. These potential shuttles for polyubiquitinated proteins (Fig. 3)
contain an ubiquitin-like (UBL) domain at the N-terminus and at least one ubiquitin-associated
(UBA) domain at the C-terminus (reviewed in refs. 32,33). The UBL domain is known to
interact with the 198 particle of the proteasome, in particular with the subunit S5a/Rpn10.>
The UBA domain noncovalently binds polyubiquitin chains up to 300-times more tightly
than mono-ubiquitin (reviewed in refs. 35,36).

In the context of neurodegeneration one of the UBL/UBA proteins that is best character-
ized is the sequestosomel, also known as p62, first identified in human tissues by Shin and
colleagues.’” The sequcstosomel/ p62 was detected in ubiquitin-containing intraneuronal and
intraglial inclusions in a variety of neurode generatlve disorders®®*! as well as in hepatocyte
Mallory bodies associated with alcoholism.*? These findings suggest that the sequestosomel/
p62 is relevant to the biogenesis of inclusions containing ubiquitinated proteins. Furthermore,
sequestosomel/p62 expression in neuronal cells is induced by serum withdrawal conditions
that trigger apoptosis, by expression of expanded pathologic polygluta.mmc reptmts43 and by
proteasome inhibitors***® as well as prostaglandins of the ]2 series.®® Due to its high affinity
for polyublqumn chains, sequestosomel/ p62 was suggested to serve as a receptor for binding
and storing ubiquitinated proteins.”” Recent studies with isolated HEK cells transfected with
full-length or truncated sequestosome forms, indicate that scquestosomcl/ p62 may act as a
shuttle that delivers polyubiquitinated proteins to the proteasome.>* Interestingly, these stud-
ies suggest that sequestosomel/p62 can bind polyubiquitin chains through the C-terminal
UBA domain and the proteasome through its AID (acidic interaction domain), which is closer
to the N-terminus. The AID is proposed to be structurally similar to ubiquitin-like (UBL)
domains known to interact with the proteasome. Due to its binding versatility, the
sequestosomel/p62 may play an important role as a scaffold and/or shuttle molecule storing
polyubiquitinated proteins and delivering them to the proteasome in a regulated manner.

N, B ' R S e S UL, oo
UBA
UBL/UBA proteins
198 ub _
“NON-CANONICAL” “"u

205 4 CHAPERONES s

198

26S Proteasome Ub-Protein

Figure 3. UBL/UBA proteins. These “noncanonical” chaperones exhibit a UBL (ubiquitin-like) domain
at the N-terminus and at least one UBA (ubiquitin-associated) domain at the C-terminus. These proteins
are thought to shuttle polyubiquitinated proteins to the proteasome. The UBL domain is a “receptor” for
particular subunits of the 19S particle of the 26S proteasome and the UBA domain is a “receptor” for
polyubiquitin chains.
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The discovery of proteins with UBL/UBA domains supports the view that translocation of
ubiquitinated proteins to the proteasome is a regulated, not a stochastic process. This “shut-
tling” mechanism is likely to include not only UBL/UBA proteins but also other factors. For
example, one of the proteins (ataxin 3) that cause polyglutamme—neurodegenerauve dlseases,
exhibits the ability to bind polyubiquitin chains and de-ubiquitinating activity as wcll 8 Both
ataxin 3 activities are required for the formation of protein aggrcgates ? Another
polyglutamme-neurodegeneratlve protein, ataxin 1, disrupts the interaction of the UBA/UBL
protem A1UP with the 26S proteasome.’® To make matters more complex, some UBA/UBL
proteins in yeast were shown to inhibit the degradation of model polyubiquitinated substrates.>!
Delivery of ubiquitinated proteins to the proteasome is thus still poorly understood and re-
mains an exciting future challenge.

The sequestration of polyubiquitinated proteins by the sequestosomel/p62 or other UBL/
UBA proteins could act as a cellular defense mechanism. Cellular stress conditions yielding
large quantities of misfolded/polyubiquitinated proteins would benefit from their sequestra-
tion by these “noncanonical” chaperones. Up-regulation of these “noncanonical” chaperones
triggered by increased levels of misfolded proteins would prevent them from blocking the
proteasome. The latter would provide an efficient mechanism to regulate substrate access to the
proteasome and prevent its shutdown by excessive amounts of substrates. These types of intra-
cellular storage aggregates would thus prevent cell damage and promote cell survival. However,
under extreme stress conditions the overabundance of misfolded proteins could jeopardize the
delivery process and activate cellular death pathways.

Aggresomes

The second mechanism leading to the formation of aggregates of ubiquitinated proteins
involves aggresomes, first described by Kopito's group.>? Aggresomes are thought to be deposi-
tion sites for ubiquitinated proteins that escape degradation by the UPP (Fig. 4). They are
cytoplasmic inclusions found in an indentation of the nuclear envelope that colocalizes with
centrosome/ MTOC (mictrotubule organizing center) markers (reviewed in ref. 53). Notably,
previous studies demonstrated that the microtubule “minus end” motor activities d1rected by
dynein are necessary for the formation of aggresomes,”® which also contain dynein.® Dynems
direct intracellular cargos toward the cell center (and nucleus) where the microtubule “minus
ends” are clustered at the MTOC.% While some studies suggest that the rctrograde transport
of ubiquitin protein aggregates to centrosomes is dependent on rmcrotubule integrity,* others
indicare that this process may not require intact microtubules.””

Aggresomes are composed of insoluble material and are associated with high levels of 26S
proteasomes as well as with de-ubiquitination activity.”’ Some of the ublqultmated protems
shown to be deposited in aggresomes resulted from either overexpression of mutant cystic
fibrosis transmembrane conductor regulator or presenilin 1 and/or from impaired protein deg-
radation induced by treating cells with proteasome inhibitors.52>%58

Cutrently, it is not clear if the mechanisms shown to participate in the formation of aggresomes
occur under homeostatic and/or nonhomeostatic conditions. Aggresome-formation was dem-
onstrated to occur mainly as a result of overexpression of mutant proteins in cells often treated
with proteasome inhibitors. Therefore, aggresome formation has not been demonstrated in vivo.

DALIS

A third mechanism leadmg to the formation of aggregates containing ubiquitin-conjugates
was identified in maturing dendritic cells by Pierre’s group.”® These transient (reversible) aggre-
gates of ubiquitinated proteins (Fig. 5) are distinct from aggresomes. They are not colocalized
with MTOC markers, they don't exhibit vimentin cages and they do not inhibit the proteasome.5
Upon stimulation with pro-inflammatory agents followed by treatment with protein damag-
ing agents, the ensuing defective ribosomal products (DRiPs) are sorted into large cytosolic
aggregates known as dendritic cell aggresome-like induced structures (DALIS). DALIS contain
many components of the ubiquitination machinery, including E1, E2s and E3s. When DRiPs
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Figure 4. Aggresomes. Aggresomes result from the microtubule-dependent retrograde transport of small
aggregates of ubiquitinated proteins to the area of the microtubule-organizing center (MTOC). The aggre-
gates are shuttled by dynein complexes on microtubule tracks. Vimentin cages surround the aggresomes.

are formed they are rapidly sequestered into DALIS where they are eventually ubiquitinated.
This mechanism allows dendritic cells to regulate the degradation rate of DRiPs, an ability that
is pivotal to their immune functions.®’ DALIS, are thus thought to act as antigen storage
structutes allowing for the regulated degradation of proteins during infection. Recent studies
demonstrated that DALIS-formation is also induced in dendritic cells by heat shock®! and in
macrophages by microbial products.?

DALIS-formation requires continuous protein synthesis.®® It is thus tempting to speculate
that up-regulation of UBL/UBA proteins may play a role in the sequestration of DRiPs into
DALIS. However, the mechanisms involved in sorting DRiPs into DALIS and how DALIS are
disassembled, remain to be characterized. Furthermore, if a DALIS-like sorting of defective
and/or mutated proteins occurs in neuronal cells leading initially to transient aggregates,
remains to be established. It is tempting to propose that overproduction of neuronal defective
proteins and/or UPP impairment, disturb the DALIS-sorting mechanism resulting in
permanent nonreversible aggregates such as the ones detected in neurodegeneration.

Russell Bodies

The fourth and final mechanism relevant to the formation of protein aggregates (in this
case, of nonubiquitinated proteins) is related to the endoplasmic reticulum (ER) (reviewed in
ref. 63). The ER aggregates known as Russell bodies were first discovered more than 100 years
ago in cancer cells by Russell.% More recently, Russell bodies were described as being swollen
ER cisternae that contain insoluble aggregates of mutant immunoglobulin.®® They are
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Figure 5. DALIS. Defective ribosomal products (DRiPs) are considered a main source for MHC class
I-restricted antigenic peptides. DRiPs are incorporated into dendritic cell aggresome-like induced struc-
tures (DALIS) whete they are ubiquitinated and transiently stored for processing by the UPP, for antigen
presentation. Limiting DRiP degradation and storing them in DALIS allows dendritic cells to mature and
control MHC class I loading and antigen presentation.

postulated to form as a cellular attempt to compartmentalize abnormal ER proteins that can-
not escape into the cytoplasm to be degraded (Fig. 6). Instead, they are sequestered into ER
subcompartments to prevent blockage of the normal secretory pathway.®®

No Russell bodies were yet identified in neurons. In addition, Russell bodies do not contain
ubiquitinated proteins as the ubiquitination machinery is absent from the ER lumen. Thus no
correlation has been established between this ER sorting mechanism and the aggregation of
ubiquitinated proteins detected in neurodegenerative diseases. However, this type of ER
sequestration response may be relevant to the aggregation of proteins that, although
nonubiquitinated, are residents of the secretory pathway and relevant to neurodegeneration.

Subcellular Distribution of Ubiquitin-Protein Aggregates

The intracellular aggregates containing ubiquitinated proteins detected in neurodegenerative
disorders, vary in their subcellular distribution. Some are detected in the cytoplasm, such as in
Parkinson’s disease and others in the nucleus, such as in Huntington’s disease. The cause of this
differential subcellular aggregate distribution is not clear. An investigation of the nuclear
diffusion limit in mammalian cells, including primary neuronal cells, established that large
molecules (molecular masses above 70 kDa) cannot freely diffuse into nuclei of intact, healthy
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Figure 6. Russell bodies originate from RER (rough endoplasmic reticulum) subcompartments contain-
ing nonsecreted proteins that escape intracellular proteolysis. These nondegradable proteins fail to be
translocated into the cytoplasm through the Sec61-based channel. Instead they accumulate and aggregate
in RER subcompartments and form Russell bodies. These structures may represent a general cellular
response to the aggregation of nondegradable ER proteins.

cells.% It is probable that many of the ubiquitin protein conjugates detected in inclusion
bodies have molecular masses above 70kDa as estimated by western blot analysis. It is unlikely
that these high molecular mass ubiquitin conjugates passively diffuse from the cytoplasm into
the nucleus and vice-versa. The large aggregates could only passively enter the nucleus if the
nuclear membrane was disrupted. Accordingly, nuclear mlgratlon of full-length mutant
huntingtin can only occur upon deterioration of the nuclear membrane.® Wild type huntingtin
is a cytoplasmic protein with a molecular mass of ~350kDa. Neither wild type nor mutant
huntingtin have a nuclmr targeting signal and thus cannot be actively transported across the
nuclear membrane.%6 Interestingly, the subcellular distribution of transfected GFP (~30kDa)
fused to full length or truncated forms of wild type or mutant huntingtin is not homogeneous.

These fusion proteins can accumulate in the ¢ytoplasm, nucleus or both, depending on the size
of the fusion protein, on the nuclear diffusion limit of the specxﬁc transfected cells and on their
nuclear membrane i 1ntegr1ty ® We conclude that aggregate size, nuclear diffusion limit and
nuclear membrane integrity are some of the factors that determine the subcellular distribution of

protein aggregates.
Concluding Remarks

Evidence implicating molecular chaperones in neurodegenerative diseases is more compelling
than that for the UPP, mainly because a direct link between UPP impairment and
neurodegeneration is next to impossible to prove in postmortem human tissue. However,
studies with human disease tissue indicate that disturbances of protein degradation by the
UPP must have catastrophic consequences and play a critical role in neurodegeneration. It is
clear that a full-cooperation between the proteolytic and chaperone systems is required
to prevent the development of potentially toxic protein aggregates. The UPP is recruited for
removal of proteins that are most likely modified, misfolded, ubiquitin-tagged and that escape
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appropriate refolding by molecular chaperones. However, the overwhelming production of
misfolded proteins alone or in conjunction with UPP impairment is likely to lead to the formation
of protein aggregates most of them containing ubiquitinated proteins. We are just beginning to
decipher the intracellular mechanisms (some of them described above) that contribute to
protein aggregation. A better understanding of this process will most certainly lead to new
routes for therapy.
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CHAPTER 7

The Role of Heat Shock Proteins

during Neurodegeneration in Alzheimer’,
Parkinsons and Huntingtons Disease

Andreas Wyttenbach* and André Patrick Arrigo

Abstract

number of acute and chronic neurodegenerative conditions are associated by protein
Amisfolding and aggregation of proteins within and outside cells. Misfolded proteins

and protein aggregation are controlled by molecular chaperones such as heat shock
proteins (HSPs) that are constitutively and inducibly expressed in the nervous system. There is
increasing evidence that HSPs could counteract common pathological mechanisms that take
place during Alzheimer’s disease (AD), Parkinson’s disease (PD) and Huntington’s disease (HD).
This is achieved by HSPs either interfering with the misfolded disease proteins preventing
unwanted interactions with other cellular proteins and/or by reducing the risk of formation of
toxic oligomeric assemblies of the respective disease proteins such as tau and amyloid-§ in AD,
o-synuclein in PD and huntingtin in HD. But HSPs are also expected to interfere with
detrimental processes that occur during these diseases including oxidative stress and abnormal
activation of signaling pathways or act supportive towards degradation systems such as the
ubiquitin proteasome- and the autophagic-lysosomal pathway. Specific neuronal structures such
as synapses and axons also harbour HSPs that may be misregulated during the disease process.
Hence HSPs are expected to be critically involved in the progression of AD, PD and HD
making them potential therapeutic targets and the studies discussed in this chapter support
this view.

Introduction

The misfolding and progtessive polymerisation of otherwise soluble proteins is a common
characteristic of a variety of diseases associated with neurodegeneration. These diseases include
Alzheimer’s disease (AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), the
prion disorders, tauopathies (causing frontotemporal dementas such as progressive supranuclear
palsy and corticobasal degeneration), other synucleinopathies than PD (multiple system
atrophy, dementia with Lewy bodies, progressive autonomic failure, rapid-eye-movement sleep
disorders) and the polyglutamine (polyQQ) diseases. Neuropathology of these disorders is caused
by environmental factors and genetic mutations. In this chapter we will discuss the role of heat
shock proteins (HSPs) in some of these disorders with a focus on AD and PD which are the
most common neurodegenerative disorders associated with cognitive and motor impairments
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and Huntington’s disease (HD) which is the most common inherited disease caused by an
expansion of a polyQ tract in the associated disease gene. The molecular and cellular details
vary enormously among these diseases, but the tendency of soluble proteins to develop an
altered conformation and aggregate inside and/or outside cells appears to precede early clinical
signs in each disease. Protein misfolding and aggregation is associated with profound neuronal
dysfunction and death, but the reader should note that currently it is still unclear whether this
phenomenon explains the fundamental basis of these diseases or represents a crucial secondary
step in the course of the disorder.!

Misfolded proteins are recognized by a set of conserved intracellular proteins known as
molecular chaperones that mediate correct foldmg, assembly and degradation of proteins.? The
heat shock proteins (HSPs) are a family of proteins that can act as molecular chaperones and
are classified into six major families: Hsp100, Hsp90, Hsp70, Hsp60, Hsp40 and small HSPs
(sHSPs, e.g., aB crystallin and Hsp27). Because HSPs are constitutively expressed and/or
inducibly regulated in the nervous system and prevent aggregation of unfolded/misfolded
polypeptides, assist refolding and play a role during solubilization of stable protein aggregates,
they may be crucial modulators of neurotoxicity in AD, PD and HD. Here we are reviewing
recent progress from many laboratories that support this view. After a brief introduction to
each disorder we will discuss whether and how HSPs could impact on the common molecular
and cellular mechanisms implicated in all three disease pathologies.

Alzheimer’s Disease

AD pathology can occur in a sporadic manner (most cases) or is dominantly inherited (ca.
5% of all AD cases).” Symptoms are progressive and include difficulties in acquisition of new
memory, memory loss and depression that typically occur with late onset of the disease.
Idiopathic cases of AD appear to be phenocopies of inherited cases, but inherited AD onset
occurs earher in life. AD is the most prevalent human dementia affecting 10% of the popula—
tion over 65.% AD has been defined by the occurrence of two types of lesions in brain regions
serving memory and cognition: the neurofibrillary tangles (NFTs) and the amyloid plaques.
NFTs consist of paired, helically wound or stralght protein ﬁlaments made of the pathologi-
cally altered microtubule (MT)-associated protein tau (Fig. 1A).% Tau proteins stabilize and
promote MT polymcrlzanon in neuronal perikarya and processes. NFTs are normally found in
the cytoplasm and neuritic processes of affected nerve cells in selectively vulnerable regions of
the central nervous system (CNS) in AD.* Hypcrphosphorylanon dleodges tau from the MT
surface, potentially resulting in compromised axonal integrity and toxic tau peptides. Recent
biochemical and animal model studies indicate that phosphorylation of tau’s MT-binding
domain by MARK (MAP/microtubule affinity regulating kinase) may prime tau for
hyperphosphorylation by kinases such as GSK-3 and CdkS5 that in turn trigger the aggregation
of tau. Filamentous tau tangles are made of hyperphosphorylated and otherwise abnormal
tau. The filaments vary between 8-20nm in width and it is the repeat region of tau that forms
the core (see Fig. 1). Filaments show a clear cross- structure, the defining feature of amyloid
fibres. A likely mechanism for tau fibrillization is that the protein disengages from MTs and
hence the pool of soluble tau increases. Soluble tau may be less degradable and more prone to
aggregation, likely due to abnormal phosphorylation events. The transition of the largely
unstructured, normal tau into a B-sheet containing species may be facilitated by intracellular
interactions with membranes and organelles. Nucleation of tau oligomers and filaments and
the formation of mature NFTs likely ocurs via a nonfibrillar step. Amorphous deposits of tau
have indeed been detected in human brain and may represent such a “pretangle” stage.
Although tau is predominantly a neuronal protein, tau pathologies occur in oligodendrocytes
and astrocytes in diverse neurodegenerative disorders.® For example, the identification of tau
mutations in families with frontotemporal dementia with parkinsonism linked to chromosome
17 (FTDP-17) show that mutations reduce binding to MTs and increase NFT formation.®
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Figure 1. A) In the adult human brain six tau isoforms are produced as a result of alternative mRNA
splicing of E2, E3 and E10 (shaded areas). The black bars represent the 18 amino acid microtubule
binding repeats (R1 to R4). The isoforms differ by the presence of three or four C-terminal tandem repeat
sequences. There ate 79 potential serine and threonine phosphate acceptor residues in the longest isoform
of tau that is depicted here, and phosphorylation at ca. 30 of these, that are located close to the MT
binding sites, have been reported in normal tau. Tau is cleaved atr Asp 421 by multiple caspases which
appear to increase tau aggregation (empty triangle). B) Schematic diagram of the largest splice form of
APP (first line in diagram). APP is undergoing cleavages by metalloproteases (a-secretases) believed to
be ADAM10 and ADAM 17. Cleavage by a-secretase (, second line in diagram) occurs mainly between
residue 16 and 17 in the AB region of APP and hence cannot generate AB peptides, but enables secretion
of a soluble ectodomain into e.g., the extracellular space. Sequential cleavage of APP by two other
proteolytic complexes namely B-secretase (also called BACE, B) and y-secretase (y), an intramembrane
aspartyl protease with presenilin at its catalytic site, results in the production of the A peptide (shaded
area of second line). AP includes 28 residues just outside the membrane and the first 12-14 residues of
the transmembrane domain (TM). Cleavage at the epsilon (¢} site releases the APP intracellular domain
(AICD) into the cytoplasm. There are other processing events of APP that are relevant for several
biological activities that are not considered here (for review see ref 1). Disease causing mutations in APP
are indicated by filled circles at the B/y site in second line. Unfilled triangles indicate a caspase cleavage
site within APP; KPI: serine protease inhibitor domain of the Kunitz type. C) The synuclein proteins (o,
B, ) are composed of a N-terminal region with 5-6 imperfectly conserved repeats (KI'KEGYV, shaded area
number 1-6). The conserved N-terminal repeat domain of a-synuclein is thought to mediate lipid
binding and dimerisation. a-synuclein can be ubiquitinated, glycosylated, nitrated and phosphorylated
at Serine 129 (empty circle containing P) that may affect its aggregation. Additionally, a calpain cleavage
site at Asn122 has been identified (shaded triangle) that could affect o-synuclein stability and aggrega-
tion. Such a truncated version of a-synuclein has also been identified in vivo. The A30P and A53T
mutationsare indicated by filled circles. D) Huntingtin protein. The protein is cleaved by various caspases
(unfilled triangles), calpains (shaded triangles) or unknown proteases (filled triangles). Htt is phospho-
rylated by protein kinase B (PKB/Akz), the serum and glucocorticoid induced kinase (GSK) and Cdk5.
Hitt contains HEAT-motifs that are protein interaction domains. The polyQ expansion is located in Exon
1 (Qn, box). NES: Nuclear export signal.
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Amyloid plaques are the other major lesion in AD and are extracellular depomts of 8-10
nm wide amyloid fibrils that result from amylond-B (AB) protein polymerisation.! The preva-
lent form of amyloid plaques are known as the ‘neuritic plaque’ (NPs). NPs comprise an
extracellular core of amyloid fibrils encircled by dystrophic dendrites and axons that can also
contain paired helical filaments (PHFs) of tau, activated microglia and reactive astrocytes. !
NPs are found in the molecular layer of the dentate gyrus of the hippocampus, the amygdala,
the association cortices of the frontal, temporal and parietal lobes and also in certain deep
brain nuclei projccting to these areas. There are other morphologica.lly distinct forms of A
plaques such as “diffuse plaques” found in the limbic and assocxauon cortices that are char-
acteristically loose/granular and lacking dystrophic neurites. ! A is a 38-43 residue pro-
teolytic fragment of the amyloid precursor protein (APP). APP is a ubiquitously expressed
type 1 membrane glycoprotein that undergoes complex processing and is produced normally
throughout life by most mammalian cells. Some of the elaborate processing steps of APP are
explained in Figure 1B. The genes implicated in familial AD to date are presemlln 1 and
prcsenllm 2 (PS1/2), APP and the 4 allele of apolipoprotein E (ApoE4).! Disease causing
mutations in APP, PS1/2 and ApoE4 inheritance result in either increased AB42 production/
oligomerisation or reduced clearance.

The prevailing view that extracellular AP deposition is the primary toxic insult in AD has
been challenged because a number of studies suggest that intracellular AR accumulation may
play an early and relevant pathological role.” AB42 appears to be the prominent form accumu-
lating inside neurons in the brains of AD patients and transgenic mice expressing familial AD
mutations.’

The sequence of events underlying the development of AD and the role of the assemblies of
tau and/or AP is not known. The genetics of AD suggest that AR accumulation is the factor
that could trigger NFT formation. Based on available evidence it seems that APP molecules at
the plasma membrane and in intracellular vesicles are cleaved to liberate the AP region (Figs.
1B,2). A portion of AP peptides may then oligomerize, initially intravesicularly, and then be
released into the interstitial fluid of the brain resulting in interference with synaptic function.!
AP can further polymerize into insoluble fibrils that form plaques that in turn may cause dys-
function of axons and dendrites. Concomitant intraneuronal cytoplasmic kinase activation
may then lead to hyperphosphorylation of tau, its dislocation from MTs and aggregation into
NFTs resulting in neuritic damage (Fig. 2). The reader should note that not everybody agrees
with this view. Activated microglia and reactive astrocytes surrounding the plaques also con-
tribute to neuropathology that may be causally connected to oxidative stress, abnormal activa-
tion of signalling pathways, the formation of amyloid ion channels and altered degradation
systems (see section Common Mechanisms Leading to Impaired Neuronal Function
and Death and the Role of HSP). It is the diffusable, soluble oligomers of A that are hypothesised
to directly compromise neuronal functions first rather than fibrils and plaques.! Incerestingly,
recent evidence suggest a connection in AD and PD pathology where tau and a-synuclein
inclusions are found in the same cell and a direct link between aggregation of tau and a-synuclein
has been demonstrated.®

Parkinson’s Disease

Clinical features of PD include tremor, rigidity and bradykinesia (slowness of voluntary
movements) and are found in 0.2% of the population.? The majority of the cases seem to occur
sporadically, but in rare cases the disease can also be inherited in an autosomal dominant or
recessive fashion. In 1997, a point mutation (A53T) in a gene encoded by a-synuclein was
identified in an Italian family and subsequently a second PD-linked dominant mutation in
a-synuclein (A30P) was found in a German family.” Meanwhile other mutations linked to PD
in genes encoding parkin, ubiquitin C-terminal hydrolase -L1 (UCH-L1), DJ-1 and
PTEN-induced kinase 1 (Pink-1) have been identified.” As in AD, the infrequent familial
forms of PD are expected to be highly informative for the understanding of the pathogenesis of
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Figure 2. Several mechanisms have been proposed to contribute to AD progression. Two neurons are
shown with APP -> AP pathology on the left and tau pathology on the right of the scheme. HSP90
accumulates in extracellular plaques and it has been suggested that HSPs outside neurons play a role in
the phagocytic digestion of amyloid plaques by microglia. Non-neuronal cells may contribute to the
increased oxidative damage found in AD brains which could be counteracted by HSPs. GRP78 (an ER
HSP70 member) can bind to APP and decrease secretion of AB40/42. Direct interaction with HSPs
inside or outside cells are likely to regulate AB assembly, e.g., prevent pore formation (not shown in the
scheme). HSPs are expected to modulate the production of reactive oxygen species (e.g., HSP27). It
remains to be seen if HSPs modulate the activation of stress kinases (e.g., Jun N-terminal kinase (JNK),
see text) implicated in AD or interfere with the various steps in the apoprotic cascade (also see the scheme
for HD in Fig. 4). At the synapse intracellular and extracellular HSPs may also prevent toxic interactions
of AB with the membrane. Specific synaptic chaperones may be directly impaired by toxic Ap assemblies.
HSP27 interacts preferentially with hyperphosphorylated tau and by keeping its levels low, increases
dephosphorylated tau hence suppressing toxicity. HSP70 prevents tau aggregation and may also interfere
with caspases that could accelerate tau aggregation through cleavage. HSP70/HSP90 do functionally
interact with tau in vitro and prevent the accumulation of insoluble tau and thereby may restore impaired
axonal transport. Finally, CHIP and HSP70 facilitate tau ubiquitylation and suppress toxicity.

the idiopathic form. The dopaminergic neurons in the substantia nigra (SN) and the noradren-
ergic neurons in the locus coeruleus frequently exhibit characteristic filamentous inclusion
bodies (IBs) in PD called “Lewy bodies” (LBs). There is a depletion of dopamine in the stria-
tum and substantial nerve cell loss in the SN during the disease.” The main component of LBs
is wild type a-synuclein.® a-synuclein is a ‘natively unfolded’ normally soluble protein which
under conditions of oxidative stress (including mitochondrial complex I deficiency) forms
amyloid-like filaments. Under physiological conditions in vitro, o-synuclein lacks a well-defined
structure and hence is an intrinsically unstructured protein, similar to tau. a-Synuclein is a 140
amino acid protein that is predominantly expressed in CNS neurons, where it is concentrated
at presynaptic terminals. The function of o-synuclein is not fully characterised but various
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studies suggest that it is involved in modulating synaptic transmission, regulating the localisation
of vesicles in synapses and participating in neuronal plasticity. Human o-synuclein was identi-
fied as the precursor protein for the nonamyloid beta component (NAC) of AD plaques. The
hydrophobic NAC sequence is important for fibrillization (see Fig. 1C). Like the plaques and
tangles in AD, LBs may not initiate the degenerative process as a comparison of neurons in the
SN with and without LBs failed to show any obvious differences including apoptotic-like changes.
Furthermore, mutations in the parkin gene, linked to PD, that appears to cause degeneration
of neurons in the SN, do not result in LB formation (see below). Also the lack of a correlation
between the PD causing mutation in o-synuclein and the acceleration of fibril formation sug-
gest that the fibril is not the pathogenic entity. These and other observations have shifted the
attention of researchers towards the role of a-synuclein protofibrils which are transient B-sheet
containing oligomers. These species have been proposed to form porelike structures that may
potentially disrupt ionic and/or metabolic homeostasis.?

Mutations in parkin are the most common cause of autosomal recessive early-onset
parkinsonism.’ Parkin mutations have been found in about 50% of familial cases of PD and in
10-20% of cases without a positive family history. Parkin is a protein exhibiting ubiquitin
ligase activity.” The clinical features of parkin-related diseases can be similar to those of late
onset sporadic PD (see above). Mutations in parkin result in a loss-of-function of E3 and
substrates of parkin abnormally accumulate within dopaminergic neurons. LB formation
generally does not occur in parkin-related diseases and there is severe neuronal loss and gliosis
in brains of these patients. Several proteins implicated in oxidative stress pathways are
down-regulated in parkin deficient mice suggesting that patkin functions are related to oxidative
stress control.” This finding fits with the observation that idiopathic PD may be triggered by
chronic exposure to environmental toxins such as rotenone, paraquat or MPTP, all of which
increase free radical production and induce LB-like inclusions containing o-synuclein in
dopaminergic neurons (Fig. 3). The third gene implicated in PD is UCH-L1 that is an
abundant de-ubiquitilating enzyme and hence can be placed in a pathway potentially related
to parkin.’ DJ-1 is a cytoplasmic neuronal protein with chaperone activity induced under
conditions of oxidative stress and Pink-1 is a mitochondrial protein kinase.? For the moment i
is unclear if these genes are targeting similar cellular and molecular mechanisms implicated in
PD. However, there is strong evidence that oxidative stress, mitochondrial dysfunction and
impairment of the ubiquitin-proteasome pathway (UPP) is central to the neuropathology of
PD (Fig. 3).

Huntington’s Disease

HD is a fatal neurodegenerative disorder and together with spinobulbar muscular atrophy
(SBMA), dentatorubral pallidoluysian atrophy (DRPLA), and spinocerebellar ataxia (SCA)
types 1,2, 3, 6, 7, and 17 known as a polyglutamine (polyQ) disease.'® All the polyQ diseases
are inherited in a strictly autosomal dominant manner with the exception of SBMA that is
X-linked. These diseases are caused by a polyQ expansion mutation. Mutant proteins between
diseases do not share any homology except the polyQ tract: this indicates common molecular
mechanisms of pathology during polyQ pathology. HD is characterized by abnormal
movements including chorea, dementia and emotional disorders and affects ca. one individual
out of ten thousand and hence is considered a rare disorder. Age of onset of polyQ diseases
correlates inversely with repeat number of the expansion and HD is no exception: longer polyQ
repeats lead to earlier age of onset and a more severe pathology.'® The pathologic length of the
polyQ repeat varies for each polyQ disease, but is generally = 40 or greater. At the HD locus
unaffected individuals typically show 11-34 glutamine residues while in HD patients the polyQ
stretch expands to >36 glutamines located in Exon 1 of the HD gene that consists of 67 Exons
(see Fig. 1D).

Huntingtin (htt) is a large protein comprising 3144 amino acids containing a functional
nuclear export signal (NES) at its C-terminus. Full-length htt shuttles between the cytoplasm
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Figure 3. Current evidence suggests that complex I inhibition may be the central cause of sporadic PD
and that this defect causes aggregation of a-synuclein which then contributes to the demise of dopamine
neurons. Several environmental toxins (e.g., herbicides, insecticides such as rotenone) are selectively
neurotoxic to dopaminergic neurons and inhibit complex I of the electron transfer chain within mito-
chondria. These toxins also lead to the formation of LBs. Several known neuronal forms of death are
activated by complex I derangement including apoptosis that can be inhibited by HSPs. ROS/RNS play
a critical role during PD and hence HSPs that impact on the redox status of the cell (e.g., HSP27) are
expected to modulate PD toxicity. Impairment of the UPS may contribute to the demise of dopamine
neurons through direct proteasome impairment by a-synuclein assemblies or indirectly via mutations in
parkin and UCH-LI (see text). HSP70 interacts with a-synuclein oligomers and with HSP40 may
decrease aggregation and/or promote degradation via the proteasome. HSPs may facilitate
chaperone-mediated autophagy (CMA) (o-synuclein is degraded by CMA), especially HSC70 that
regulates the internalisation of protein via LAMP (lysosome-associated membrane protein). ABC appears
to interact with a-synuclein and affect amyloid fibril formation. a-synuclein interacts with lipids and
a-synuclein protofibrils may permeabilize vesicles. HSP70 binds preferentially to prefibrillar a-synuclein
structures and hence may reduce the risk of permeabilisation. Abundant HSPs are found to localise with
LBs and hence may affect its formation/degradation.

neurotoxins

and the nucleus. If the NES is lost due to proteolytic cleavage by caspases (see Fig. 1D) and
calpains, smaller fragments are formed that are more toxic and more likely to accumulate in the
nucleus giving rise to IBs. Hence htt like APP, tau and synuclein is proteolytically regulated.
Hut is associated with various organelles including the endoplasmatic reticulum, Golgi com-
plex, nucleus, synaptic vesicles and mitochondria. Based on the known functions of the many
htt interacting proteins it is believed that het plays a role as a scaffolding protein orchestrating
sets of proteins for signalling processes and intracellular transport. Wildtype htt may also have
anti-apoptotic properties.

HD typically begins in midlife (but there is juvenile onset) and is characterised by progres-
sive neuronal dysfunction and neuronal loss, and patients die 10 to 15 years after the onset of
symptoms, The selective neurodegeneration in the brain occurs most prominently in the stria-
tum and deep layers of the cerebral cortex.'® In advanced stages of the discase other brain
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regions such as the hippocampus, hypothalamus, cerebellum and amygdala can also be
affected. Projection neurons sending their axons to various brain regions are most severely
affected. In the striatum the GABAergic medium-sized spiny neurons (MSNs) are most
vulnerable. This phenomenon is observed despite ubiquitous expression of the HD gene. PolyQ
expansions compromise neuronal function through several deleterious mechanisms which may
vary during the long period of HD progression: transcriptional alterations, impairment of
degradation systems such as the UPP, abnormal axonal transport and axonal degeneration,
bio-energetic defects due to abnormal mitochondrial function and oxidative stress have all
been implicated in HD.

The discovery of intraneuronal inclusions that are of a fibrillar nature and contain the
mutant proteins in polyQ diseases and transgenic mice with polyQ mutations has provided a
common denominator for pathology.'! The polyQ expansion at the N-terminus of htt
produces an abnormal conformation inducing a toxic gain-of-function in the mutant protein,
a process that is associated with nucleation and subsequent aggregation. It is thought that
polyQ fibrillogenesis is an ordered polymerization process similar to amyloid fibrillogenesis in
AD and PD. The rate limiting step in the aggregation process is the formation of an oligomeric
nucleus which can form after a repeat-length dependent conformational change of the polyQ
monomer from a random coil to a parallel, helical B-sheet.'? PolyQ aggregates and IBs are
predominantly found in the nucleus and axonal processes, but cytoplasmic aggregates have also
been described in the HD brain. Similar to the situation in AD and PD the oligomeric precur-
sors of htt polyQ fibrils are thought to be the most neurotoxic. Het aggregates have been shown
to recruit a number of vital cellular proteins including transcription factors, HSPs and
components of the UPR,

Common Mechanisms Leading to Impaired Neuronal Function
and Death and the Role of HSPs

Direct Interference of HSPs with Misfolding, Oligomerisation
and Fibrillogenesis of Disease Proteins

The assembly of misfolded proteins into amyloid fibrils and subsequently into IBs, plaques,
NFTs or LBs is a complex process and could be similar among the various proteins that
produce these structures. Research into the amyloid aggregation process starting from a par-
tially folded peptide or the native protein to misfolded or unfolded monomeric a-synuclein,
AB, tau and htt has revealed the production of several, distinct structures such as spherical or
annular oligomers and amorphous aggregates and/or fibrils (Fig. 5). HSPs may interfere at
various stages during this process by associating with misfolded disease proteins and higher
order structures such as oligomers and IBs. This may result in the prevention of a toxic
intra-molecular conformational change of the peptide itself or decrease the probability of
unwanted homo-and/or heterotypic interactions thereby modifying amyloid assembly. In-
deed, various HSPs have been shown to bind in vitro and/or in vivo to mutant htt'3,
hyperphosphorylated tau'* and o-synuclein prefibrillar structures'® and modulate amyloid
assembly. Consistent with this view, Schaffar and colleagues using fluorescence resonance
energy transfer (FRET) showed that HSP40 and HSP70 prevent an intra-molecular confor-
mational change in mutant htt.'® That study also showed that HSPs prevent heterotypic
interactions between polyQ expanded htt and transcription factors. Dou and colleagues re-
ported an inverse relationship between aggregated tau and the level of HSP70/90 in transgenic
mice and AD brain.!” While increased levels of HSPs promoted tau solubility and binding to
MTs, but reduced tau phosphorylation, lowering the levels of HSPs by use of RNA-mediated
interference (RNAI) had the opposite effects.!” Several in vitro and in vivo model studies of
each disease show that arrificial elevation of certain HSPs by over-expression decreases the
amount of insoluble disease protein and/or deposits which is associated with a decrease in



The Role of Heat Shock Proteins during Neurodegeneration 89

Table 1. Several HSPs co-localise with protein deposits formed by tau, Ap, huntingtin
and a-synuclein in the human brain of affected individuals and modulate
oligomerization and fibril formation in test tube experiments and in cell
models of the respective diseases

Co-Localisation Modulation of Increase/Decrease
Protein/ with Protein Deposits Aggregation Process in Affected Brain
Peptide in Human Brain in Vitro and/or in Vivo Regions
tau HSP27 HSP27

HSP390 HSP70, HSP90 HSP70, HSP9O
APP GRP78, HSP90
AB HSP28 ABC ABC, HSP27

HSP27, ABC

HSP72
Huntingtin ? HSP22, HSP40, ?

HSP70, HSP84

Synuclein HSP40, HSP70 ABC, HSP40, HSP70 HSP27, ABC

ABC, HSP27, HSP110

HSP expression has also been reported to be up-or down-regulated in some of the brain regions most
affected during the disease process (see text for details). Data are adapted from reference 22 and
references therein.

toxicity in most of the cases (see Table 1). HSPs may reduce aggregation by interfering with
the APP secretory pathway (Fig. 2): GRP78, an HSP70 localised in the ER, binds to APP
decreasing the secretion of amyloid AB40 and AB42 in cell culture models.'® Importantly,
interactions of HSPs with one disease protein may affect the assembly process of another
aggregation prone molecule: a-synuclein binds to tau and increases tau fibrillization and A
affects o-synuclein amyloid asscrnbly.6 a-synuclein may also increase htt aggregation and is
localised to htt IBs in human brain.!*?°

Some HSPs colocalise with intracellular NFTs and AP plaques in the extracellular space
and in PD many HSPs are sequestered into LBs (see Table 1). Although the colocalisation of
HSPs and IBs have not been carefully studied in the HD brain, there are several studies that
showed a redistribution of HSP40/HSP70 into cytoplasmic and nuclear inclusions in the
related polyQ disorders spinocerebellar ataxias (SCA) 1, 3 and 7.12 It is unclear if such a
redistribution reflects an irreversible sequestration and loss of function of HSPs or a failed
attempt to refold aggregated proteins or both. A recent study addressed this question using
florescence recovery after photobleaching (FRAP) and fluorescence loss in photobleaching
(FLIP): the interaction between HSP70 and htt IBs exhibit rapid association and dissocia-
tion kinetics and hence HSP70 may actively regulate htt 1B formation.?*

A study on the assembly behaviour of a fragment of htt showed that similar to a-synuclein
and AB, mutant htt assembles into spherical, annular and amorphous structures that might
be on a pathway to fibril assembly.”* HSP40 and HSP70 attenuated the formation of hre
spherical and annular oligomers promoting the accumulation of fibrillar and amorphous
aggregates that may be less toxic. This study proposed that HSPs could facilitate the folding
of a specific misfolded monomeric conformation that allows on-pathway assembly to occur
by monomeric addition to fibril nuclei, while decreasing the likelihood of interactions that
promote the formation of off-pathway events during fibril formation (formation of spherical
and annular oligomers). This model remains to be tested for other aggregation prone mol-

ecules (Fig. 5).
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Prevention of Oxidative Stress by Heat Shock Proteins

The cause of neuronal dysfunction and death in each disease is multi-factorial, but evi-
dence is emerging that the pathological depositions of abnormal proteins is associated with
alterations in redox state homeostasis and mitochondrial dysfunction.?? PD is characterized
by increased oxidative damages, altered activities of antioxidant defence enzymes and de-
creased mitochondrial complex I activity (Fig. 3). Increased oxidative damage and altered
mitochondrial activity (probably because of decreased complex IV activity) has also been
reported in AD.? In the HD brain, oxidative damage has been detected together with a
decreased mitochondrial complex 1T and IV activity®® and in HD mouse models frec radical
damage has been observed.?* Similar observations were made in a cellular model of HD.?

Evidence for the presence of oxidative stress can also be provided by the finding thar (i)
the pathological protein deposits can be recognized by antibodies that are specific to protein
side-chains modified either directly by reactive oxygen or nitrogen species, or by products of
lipid peroxidation or glycoxidation and (ii) the brain regions that are the most affected often
contain deposits of redox-active transition metals, such as iron and copper. Moreover,
membrane-associated oxidative stress (MAOS) which is a metal-catalyzed oxidative disrup-
tion of membrane protein and lipid signalling has been suggested to occur in the pathogen-
esis of AD, PD and HD.% The origin of the oxidative stress that is concomitant to the
presence of aggregated neuronal proteins is not clear. In this respect, cellular models based
on the expression of mutant htt have been useful to show that the oxidative events are prob-
ably not cell type specific since they can still be detected if the abnormal protein is expressed
in cells other than neurones.?® Moreover, the degree of aggregation of mutant htt, which is a
direct consequence of the number of polyQ expansions, appears to be a key factor generating
oxidative stress.”® In vitro assays have been performed in which aggregated a-synuclein and
B-amyloid are incubated in the presence of redox-active transition metals.”® These assays
revealed that iron and copper catalyze the formation of reactive oxygen species (ROS) by the
aggregating proteins probably through Fenton-Haber-Weiss types of reaction. This suggests
that an aggregating protein in contact with redox-active transition metals is capable of ROS
generation. Htt is an iron-regulated protein and similar results could be found. Moreover,
using a cellular model of HD?, we recently noticed that the transient expression of mutant
htt increased the intracellular level of iron, a phenomenon that correlated with the number
of polyQ repeats (W. Firdaus, A. Wyttenbach, B. Currie, A.P. Arrigo, unpublished). It is not
known if specific properties of some neuronal proteins are required for production of ROS
in the presence of metals or if this phenomenon is more general and can be observed in
proteins that are prone to aggregation.

It is well known that HSPs can protect cells against the damage induced by oxidative stress
(Figs. 2-4). HSP mediated resistance against oxidative stress has been recently shown in an HD
cellular model.26 HSP mediated protection of cells against oxidative stress appears to occur via
the molecular chaperone activity of these proteins. For example, in addition of being able to
take care of the elimination of oxidized proteins, HSPs can protect specific enzymes involved in
the detoxification of reactive oxygen and are involved in the reduction of oxidized glutathione.??
It is also notable that the forced expression of Hsp70/Hsp40 and/or Hsp27 attenuated the
intracellular increase in iron found in cells transiently expressing mutant htt polypeptides (W.
Firdaus, A. Wyttenbach, B. Currie, A.P. Arrigo, unpublished). This ﬁndinZ% is consistent with
our observation that HSP27 plays a role in intracellular iron homeostasis.

What is the importance of oxidative stress in neurodegenerative diseases? Delineation of
the profile of oxidative damage in each disease must be determined as it will provide clues to
how the specific neuronal populations are affected by the individual disease conditions. In
this respect, studying single markers of oxidative damage outside the context of oxidative
balance is probably not sufficient. Concerning anti-oxidants, in the case of a cellular model
of HD it is clear that they abolish some of the intracellular cytotoxicity of the aggregares®®
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Figure 4. Mechanisms that have been implicated in HD neuropathology. It is likely that impairment of
axonal transport, the synapse and transcription are early events followed by energetic/mitochondrial
abnormalities, oxidative stress and alterations of degradation systems linked to the ageing process all lead
to neuronal loss. HSPs act on these mechanisms as shown in this figure. Question marks indicate points
of predicted interference by HSPs on htt toxicity that have not yet been demonstrated. The “explosion”
(filled) represents polyQ expanded full-length htt (huntingtin) or afragment of htt in a toxic, monomeric
conformation or an early aggregation intermediate. Impaired axonal transport can arise from blockage
by aggregates or impaired microtubule (MT) dependent vesicle transport that appears to be one of the
normal functions of htt. Both could be counteracted by HSPs. Direct alterations of synaptic chaperones
such as CSP (cystein string protein), SGTs (small glutamine-rich tetratricopeptide containing proteins)
and HSC70 by an interaction with htt and/or depletion by IBs may contribute to synaptic degeneration.
HSPs may affect abnormal interactions between polyQ stretches and transcription factors in the nucleus.
Interactions of htt with membrane proteins, potential pore formation at e.g., the mitochondria and
abnormal free radical generation could also be prevented by HSPs. HSP:s are likely to inhibit caspases
and death effectors released by mitochondria (cyt ¢: cytochrome c¢; AIF: apoptosis inducing factor).
Proteasome impairment, ER-stress and associated UPR (unfolded protein response) may occur in HD
and may be counteracted by HSPs. Activation of stress kinases can be negatively regulated by HSPs. The
32-star (left of the nucleus) represents an aggresome. Inclusion bodies found in the cytoplasm of HD
neurones resemble aggresomes. HSPs associate with aggresomes and may regulate their function. Glial
cells (microglia, astrocytes) are likely to contribute to neuronal pathology through their interactions with
neurons at the synapse, axons and dendrites and as producers of free radicals. HSPs are highly inducible
in glia compared to neural cells.

and various antioxidants are known to protect against AP toxicity in cell models. However,
aggregates are still present hence suggesting that anti-oxidants will have only a transient
beneficial effect. In vivo, testing of anti-oxidants is more problematic, however, because of
the proximal role that transition metals appear to play in the pathology of neurodegenerative
diseases.
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Maintenance of Signalling Homeostasis: Can Heat Shock Proteins Suppress
the Activation of Detrimental Signalling Pathways?

Genomic and proteomic screens on either diseased human tissue or cell and animal models
accelerate the identification of signalling pathways that are impaired and/or abnormally acti-
vated in each disease. Many candidate pathways have not yet been functionally validated in
appropriate disease models and although various pathways are modulated in a disease-specific
manner, there are several signalling modules that are similarly activated in AD, PD and HD.
Apoptotic pathways that typically involve caspase activation have been reported to be engaged
in all three diseases. Evidence in PD suggests that a p53-glyceraldehyde-3 phosphate dehgfdroge-
nase (GAPDH) and/or FAS receptor-FADD-caspase 8 pathway converge onto Bax™, a key
neuronal death molecule that regulates the neuronal mitochondrial death pathway. AB produc-
tion in both FAD and sporadic AD has been linked to the intrinsic, mitochondrial apoptotic
pathway involving caspase-2, caspase-9 and Bax and the extrinsic receptor mediated apoptotic
pathway (caspase-8) both converging onto the effector caspase-3.%! Evidence for engagement of
the mitochondrial pathway, caspase-1, -3, -8 and 9 activation and hence apoptosis in HD comes
from studies on human brain tissue and many in vitro and in vivo models of the disease, but
some evidence suggests that neuronal death in HD is not apoptotic and does not depend on
Bax.>2 HSPs are known to interact with and suppress the activation of several molecules/arms of
the apoprotic cascades (Figs. 2-4).% For example, HSP27, HSP70 and HSP90 all interfere with
the formation of a functional apoptosome and are able to suppress caspase-9 activation (Fig. 4).
HSP27 binds to cytochrome c and caspase-3 thereby negatively regulating cell death.?® There-
fore, HSPs are potentially important suppressors of death signalling pathways (Figs. 2-4). How-
ever, it is unlikely that only apoptotic pathways regulate neuronal death in these diseases. It will
be crucial to elucidate the role of death pathways that involve the autophagic/lysosomal system
and pathways linked to axonal degeneration upon which HSPs may act.

ER-stress sometimes associated with the unfolded protein response (UPR) has been associ-
ated with FAD and sporadic AD, PD and HD.?* Common downstream effectors such as the
ER stress kinases IRE and PERK are activated in these situations likely due to an overload of
misfolded proteins. Here up-regulation of ER-resident chaperones of the HSP70 family such
as GRP78/BiP normally occurs. There is indeed evidence of involvement of GRP78 in HD
and AD.1835 A consequence of ER-stress in HD is the activation of Ask1, an upstream kinase
that regulates pro-apoptotic [NK and p38MAPK activity (see below). Ask has also been impli-
cated in AP induced neuronal death and since Ask1 is negatively regulated by HSP70 it could
inhibit ER-stress activated kinases.

Stress activated mitogen-activated protein kinase (MAPKs) pathways appear to be modu-
lated in AD, PD and HD and represent attractive therapeutic targets.*® While there is strong
evidence for over-activation of the p38 MAPK pathway in early stages of AD?® the situation in
PD and HD is less clear. Involvement of a JNK-dependent death pathway has been suggested
in AD, PD and HD.!** HSP70 inhibits JNK activity by either a direct interaction or by
negatively regulating a JNK phosphatase.'® It should also be noted that tau, APP, htt and
o-synuclein have multiple phosphorylation sites on which many of the above mentioned stress
kinases could act on when activated and hence they could modulate the toxic aggregation
process. Therefore HSPs have the potential to indirectly impact on the assembly behaviour of
each polypeptide by modulating their respective kinase activities. Most significantly, the physi-
cal state of oligomers may decide which and to what extent MAPK pathways are engaged®’ If
specific HSPs regulate distinct populations of aggregation intermediates they could also impact
on the balance of death/survival MAPK pathways. As molecular chaperones, HSPs may further
impact in as yet unidentified ways on the various disease specific pathways implicated in AD
(wnt and cdk5/p35 pathway or protein kinase C and IGF-1/insulin receptor pathway), PD
(phosphatidyl inositol lipid signaling pathways) and HD (cAMP signalling cascades, mTOR
signalling).
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The Recruitment Hypothesis: Heat Shock Proteins as Molecular Players

Misfolding and the subsequent assembly into oligomers and higher order structures of tau,
AB, htt and a-synuclein may result in abnormal binding and recruitment of cellular factors.
The recruitment of vital proteins to deposits and their precursors may result in inactivation
and/or loss of function of the molecules, abnormal intracellular localisation and abnormal
activation of signaling complexes. In HD (and other polyQ diseases) it is well documented that
proteins as diverse as transcription factors (e.g., CREB-binding protein/CBPE, SP1, p53), HSPs
and components of the UPP are recruited into aggregates.'® Recruitment of proteasome sub-
units to NFTs in dystrophic neurites and LBs is also observed in AD and PD.* However, it
should be noted that UPP proteins (and HSPs) are only found in a subset of protein deposits in
some neurons. Donaldson and colleagues have also reported that proteins containing
ubiquitin-binding motifs are recruited into polyQ aggregates.>” Hence the depletion of normal
ubiquitin-binding proteins caused by sequestration into aggregates may be a common event
contributing to neurodegenerative diseases. The p62/sequestosome is found in tau assemblies
in AD and LBs in PD supporting this hypothesis. Caspases are a further group of proteins that
are recruited to aggregates: Caspase-8 is recruited to het IBs and APP/AB multimers with
subsequent activation probably due to the close proximity of several pro-caspase-8 molecules.'?
Hence there is evidence that recruitment of cellular proteins in these diseases may play a role in
neuropathology.

The recruitment/sequestration model is particularly attractive in the case of polyQ diseases
such as HD where aggregates often reside in the nucleus and coaggregate with transcription
factors. Aggregates formed by mutant htt also sequester normal htt that may contribute to 2
‘secondary’ loss-of-function. Furthermore, Wetzel and colleagues proposed a structural,
molecular mechanism that endows the recruitment process with some degree of specificity by
reporting an inverse relationship between the size and recruitment activity of different forms of
aggregates.® This is in line with the idea that smaller aggregartes than IBs are a more toxic
species. Here, HSPs could interact with misfolded proteins and aggregated species reducing the
probability of abnormal associations with other cellular proteins. Indeed, Schaffar and
colleagues showed that mutant het fragments structurally destabilise the transcription factor
TATA-binding protein (TBP), but HSP40/70 chaperones inhibited its deactivation by inter-
fering with the conformational change in mutant het (Fig. 4).16 Whether HSPs are able to
prevent yet other events as the ones described above remains to be tested.

Heat Shock Proteins and the Formation of Ion Channels

Over ten years ago “the channel hypothesis” of amyloid toxicity was proposed. This postulated
that the toxic aggregated species form nonspecific porelike channels in the membranes of cells
exposed to aggregating proteins.® Porelike activity leading to an imbalance of ion homeostasis
has been suggested to occur in AD, PD and HD. a-synuclein protofibrils exist as individual
spheres, elongated chains, or rings. In contrast to the monomer or fibril, a-synuclein protofibrils
bind and permeabilize lipid vesicles and maybe other membranes, perhaps via a porelike
mechanism similar to beta-sheet-rich, membrane-permeabilising toxins.® The A53T and A30P
mutants of a-synuclein promote the formation of such “amyloid pores”. 8 Annular, porelike
protofibrils may also be responsible for AP permeabilizing or channel-like activity in AD: a
ring-like structure has been found in in vitro aggregation assays of the arctic variant (E22G) of
AB40.4! As mentioned above, htt fragments also produce annular structures and could possess
pore-activity (Fig. 5). Alternatively, Monoi and colleagues proposed that polyQ) sequences may
form a novel structure called “p-helix” where L-amino acid polypeptide chains form cy-
lindrical pores with a 3.7 A diameter, large enough to accommodate passage of small ions and
water.? Significantly, such channels form in artificial planar lipid bilayer membranes with
40-glutamine residues (the pathological threshold for many polyQ diseases including HD),
but not those with 29 residues.
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Figure 5. A disease/other protein may not correctly fold because it looses or is unable to attain its native,
closely packed three-dimensional structure. Thus the peptide populates unfolded, partially folded or
non-correctly folded states. In these non-native states, the peptide becomes loosely packed and hydro-
phobic cores become exposed to solvents enhancing the tendency to nucleate intitial oligomeric assem-
blies (“seeds”) where the content of secondary beta structure is generally increased. The aggregation then
proceeds via a multi-step process that involves intermediate species that are thought to be less stable, but
more toxic than the mature fibril or final protein deposits. A monomer might misfold into various distinct
conformations each of which could then give rise to a distinct higher-order assembly (spherical, annular
or amorphous aggregates or a fibril). Because protein aggregation may be a generic property of polypep-
tide chains that does not depend on specific amino acid sequence and the toxic effects of pre-fibrillar
organisation results from common structural features rather that from specific sequences of side chains
it is likely that the formation of toxic oligomeric structures formed by different proteins show structural
similarities and these have indeed been observed (for example, AB, synuclein and a fragment of huntingtin
form annular oligomers). Wacker and Muchowski 22 hypothesized that HSPs (depicted as an “explosion”
may stabilise a native or misfolded monomeric conformation and thereby not only prevent the
intra-molecular transition that produces oligomers, but also promote a conformation that favors the
production of less toxic protein deposits (e.g., inclusion bodies). Modified from reference 22. We are
grateful to P. Muchowski for providing the AFM pictures.

Not only a-synuclein (see above), but also A and htt bind to lipids and interactions of
these hydrophobic misfolded proteins (including prion peptides) with membranes may not
only cause direct d e, but also affect their aggregation behaviour frequently increasing the
aggregation potential.®*** HSPs prevent misfolding and the exposure of hydrophobic regions
and therefore may suppress the interactions of the peptides with cellular membranes. This
could reduce the ability of lipids to further destabilise proteins and reduce unwanted
protein-membrane interactions. HSPs could prevent channel formation since they seem to
reduce the formation of annular, perhaps pore-forming species in favour of amorphous
structures and fibrils as shown for the htt fragment (Fig. 5).
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HSP Communication with Protein Degradation Systems and Processing

of Disease Proteins

Under conditions of stress and toxic insults degradation pathways such as the UPP and the
lysosomal system could be impaired leading to accumulation of misfolded/damaged proteins.
While the controlled proteolysis of substrates by the UPP is crucial in controlling the levels of
short-lived proteins, the lysosomal pathway contributes to total rates of protein degradation
and organelle turnover. The lysosome is the catabolic factory in eukaryotic cells to which
proteins can be transported following several different pathways including endocytosis,
micro- and macroautophagy and chaperone-mediated autophagy. Evidence for a causal rela-
tionship between UPP impairment and neurodegeneration comes from studies on PD where
mutations in Parkin and UCHLL are linked to familial PD. Although LBs are associated with
UPP components and both monomeric and aggregated a-synuclein selectively binds to a sub-
unit of the 198 cap ** suggesting a link to dysfunctional proteasomal degradation it is currently
unclear whether a-synuclein is a substrate for the proteasome. Wildtype e-synuclein appears to
be selectively translocated into lysosomes for degradation by chaperone-mediated autophagy
and the A53T and A30P mutants ma 2y act as uptake blockers, inhibiting both their own degra-
dation and that of other substrates.*® UPP impairment has also been reported in a model of
sporadic PD where systemic complex I inhibition with rotenone induces dopaminergic degen-
eration of the nigrostriatal pathway and formation of LBs (Fig. 3).

There are several studies that reported a reduction in proteasome- and ubiquitination-
activity in patients with AD. Tau PHFs reduce proteasome activity in AD brain and AP inhib-
its the proteasome in neuronal cells.*®*# Furthermore, presenilins and APP appear to be ac-
tively degraded by the proteasome under normal conditions and a subtle inhibition of proteasome
activity could lead to an accumulation of PS and APP and their fragments and hence enhanced
AP production. Activation of the neuronal lysosomal system and pathways converging to the
lysosome, namely endocytosis and autophagy, is also a feature of brain pathology in AD
and several studies support the view that progressive alteratlons of lysosomal function observed
during aging and AD may impact on neuropathology.*®

Studies on HD cellular models show both UPP abnormalities and interference with
proteasome inhibitors modulate htt aggregation.!>4%>° However, in vivo studies do not
confirm these results so far. Cell-type specific analysis is needed and the ageing process needs to
be taken into consideration too. Eukaryotic proteasomes cannot cleave within polyQ stretches
and hence it is unknown how long perfect polyQ sequences are disposed of.>! Autophagic
degradation is an alternative route for disposal that has been 1mphcated in HD.*

HSPs facilitate the ubiquitination and degradation of many proteins. Misfolded proteins
such as mutant htt may be maintained in a degradation-competent state by HSPs and their
cochaperones directing them more efficiently to degradation machineries. Indeed, the
cochaperone CHIP (C-terminus of Hsp70 i interacting protein) associates with expanded hte
and its overexpression suppresses htt aggregation in an Hsc70 dependent manner.”® Because
HSPs appear to promote the formation of fibrils and amorphous aggregates (Fig. 5) they
may facilitate aggresome formation and subsequent degradation via macroautophagy (Figs.
3,4). HSPs are also required for lysosomal protein degradation. Hsc70 forms a chaperone
complex at the lysosomal membrane that is needed for unfolding the substrate proteins to
efficiently translocate and degrade them in the lumen during chaperone-mediated autoph-
agy. Therefore this process may crmcally regulate a-synuclein degradation (see above). HSP27
associates with the proteasome >* and our results suggest that HSP27 partially restores
proteasome activities impaired by mutant het (W. Firdaus, A. Wyttenbach, P. Arrigo, unpub-
lished observation). HSPs may also improve decreased proteasome activity in AD and PD.
However, further research must determine whether HSPs beneficially interact with various
signalling components that regulate autophagy or prevent deleterious processes arising from
protein aggregation in each disease such as oxidative stress and hence prevent secondary
damage to the UPP. Finally, since tau, APP and hu are caspase substrates (Fig. 1) and HSPs
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are known to prevent caspase activation, HSPs could suppress proteolysis of these proteins
and diminish their aggregation potential.

Early Neuropathology, Synaptic Function and Axonal Transport

Barly symptoms in AD correlate with dysfunctional cholinergic and glutamatergic synapses
and alterations in synaptic efficacy prior to frank neurodegeneration may be caused by soluble,
oligomeric assemblies of AB.! Early synaptic dysfunction and /or loss prior to overt cell death
may also occur in PD and HD. Both wildtype htt and o-synuclein localise to and are
abundant at the synapse and a role in synaptic homeostasis has been suggested for both
proteins. In HD mouse models, mutant htt inhibits the uptake of glutamate in synaptic vesicles
and a reduction in long term potentiation and depression and other abnormalities in the
hippocampus have been reported.>® Together with the finding that there is a loss of specific
synaptic proteins and impairment of endo- and exocytosis in HD??, the current results suggest
an early deficit in the machinery that regulates neurotransmitter release. In PD, mutations in
o-synuclein alter its association with vesicular membranes, disrupting normal recycling of vesicles,
which in turn can decrease the capacity of vesicular storage and increase cytosolic levels of
dopamine and its toxic metabolites.® Additionally, since both mutations in Parkin and UCH-L1
are linked to PD it is conceivable that a general impairment of the UPP in the synaptic com-
partment contributes to PD.

Could HSPs modulate synaptic pathology? Hsp40/70 members and sHSPs are present at
the synapse and are increased after hyperthermia in animals.>® Mild metabolic stress increases
the resistance of synaptic terminals to AB dysfunction through increased expression of Hsp70
and GRP78. Furthermore, the synaptic compartment contains a specific trimeric chaperone
machinery consisting of cysteine string protein (CSP), small glutamine-rich tetratricopeptide
repeat (TPR) containing proteins (SGTs) and HSC70 and it appears that these chaperones
significantly maintain synaptic integrity’® and that alterations of these molecules could induce
pathology. Indeed, SGT proteins redistribute to inclusion bodies in HD mice and SGT expres-
sion levels are significantly decreased.> It remains to be seen if these chaperones are impaired
in AD and PD.

Results obtained from in vitro and in vivo models of HD show that fast axonal transport is
impaired due to a polyQ expansion.®® Additionally, htt specifically enhances vesicular trans-
port of BDNF along microtubules and a loss of this function may contribute to pathogen-
esis.®! PD o-synuclein mutations show defective axonal transport in cultured neurons®? and
mutations in APP and tau disrupt axonal transport in cultured neurons and in animal mod-
els.®? HSPs are expected to modulate axonal transport. Initial evidence for this idea comes from
a study showing that clevated expression of Hsc70 in Drosophila improved axonal transport
impaired by mutant het.% A role for HSPs during abnormal axonal/dendritic transport in AD
and PD has to be established. In this respect it is interesting to note that HSPs can be synthesised
in axons after injury.% Finally, it should not be forgotten that glial cells critically impact on
synapse and axon function and glial HSPs are highly inducible.

Heat Shock Proteins and Therapy

Animal studies support the view that modulating the levels of HSPs could prove benefical
for the treatment of AD, PD and HD. However, an accurate balance (stoechiometry) of HSPs
will be required to maximize their benefical roles. Excessive up-regulation of HSPs leads to
unwanted effects such as cancer. A promising first targer may be the heat shock transcription
factor 1 (HSF1) which regulates HSP expression in concert with HSP90 that negatively regu-
lates HSF-1. Drugs such as geldanamycin and radicicol that block the interaction of HSP90
with HSF-1, promoting HSF1 activation and synthesis of HSPs have been found to indeed
induce HSPs and confer neuroprotection in in vitro and in vivo models of AD, PD and
HD.>>6566 Treatments using drugs that up-regulate HSPs in combination with compounds
that act as chemical chaperones increasing the stability of native proteins in vitro (e.g., glycerol,
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trehalose, dimethy] sulphoxide) await testing and may well turn out to be a valid approach to
combat not only AD, PD and HD, but also other conformational disorders such as ALS and
prion disease.

Conclusions

HSPs provide a first line of defence against misfolded proteins and hence could act on early
steps in misfolding disease pathology. Early synaptic and axonal abnormalities in AD, PD and
HD may therefore be partially reversed by HSPs. Evidence is emerging that HSPs interact with
the most toxic oligomeric precursors of protein deposits and perhaps also with misfolded
conformations of monomers. This points to the ability of HSPs to prevent aberrant protein
interactions due to altered conformations of disease proteins with other cellular components.
But other activities of HSPs including the regulation of protein degradation, the control of
signalling pathways and the redox state of the cell will be equally important to consider. Since
the mechanisms by which HSPs improve neuroprotection are poorly understood, a lot more
research is needed to get a glimpse of the full therapeutic potential of HSPs during
neurodegeneration.
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CHAPTER 8

Heat Shock Proteins in Multiple Sclerosis

Celia F. Brosnan,* Luca Battistini and Krzysztof Selmaj

Abstract

n this review, we have addressed the possible contribution of heat shock proteins (HSP) to
I the pathogenesis of multiple sclerosis (MS), a chronic inflammatory demyelinating disease

of the central nervous system (CNS). A particular focus of the review is on the families of
HSP27, HSP60 and HSP70 because thete is good evidence for both RNA and protein that
expression levels of these HSP are altered in lesioned areas of the CNS. Using a variety of differ-
ent approaches, the data support a role for these HSP in the generation of the immune response,
particularly in the more chronic phases of the disease process. In addition, we review evidence
supporting a protective role for these HSP in the injured CNS. This dual role of HSP makes an
analysis of their effects in degenerative CNS diseases difficult to determine with certainty. Nev-
ertheless, ongoing data are persuasive that this remains an important area of research that is
likely to continue to contribute to our understanding of disease pathogenesis in MS.

Introduction

Multiple sclerosis is a degenerative condition of the central nervous system (CNS) that
affects approximately 10¢ persons worldwide. Disease onset is usually first noted in young
adulthood and epidemiological studies have shown that people in higher laditudes are more
frequently affected. In the early stages, disease activity usually displays a relapsing-remitting
course, but with time patients enter a secondary progressive phase with increasing evidence of
disability. Clinical symptoms depend upon the location of pathological lesions within the CNS
and can vary significantly. The clinical diagnosis of MS requires two features: dissemination of
the disease in space and in time. The first criterion can be achieved by demonstration on MRI
examination of disseminated lesions throughout the CNS, whereas the second criterion re-
quires either occurrence of a second clinical episode or a new lesion on MRI image that pre-
sents after the onset of the initial symptoms. In the CNS, lesions are predominantly located in
white matter tracts, particularly at periventricular sites. Acute active lesions are characterized
by loss of myelin in the presence of a mononuclear inflammatory infiltrate centered around
vessels consisting of activated lymphocytes and macrophages. Elevated levels of immunoglobu-
lins and complement components have also been detected in the lesion as well as in cerebrospi-
nal fluid (CSF). Older lesions show less evidence of ongoing inflammatory activity, and are
characterized by demyelinated axons embedded in an astrocytic scar, reduced numbers of oli-
godendrocytes, and variable axonal loss.!3

The presence of activated lymphocytes and immunoglobulins within the lesions and in the
CSF have suggested that MS may have an immune component, and animal models have
demonstrated that sensitization against CNS tissues leads to an inflammatory demyelinating
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disease that displays many of the clinical and pathological characteristics of MS.% Indeed, it is
now well accepted that antigens associated with the myelin sheath or with the myelin forming
cell the oligodendrocyte, such as myelin basic protein (MBP), proteolipid protein (PLP) and
myelin oligodendrocyte glycoprotein (MOG) are potent antigens, eliciting both T and B cell
responses that, to varying degrees, can either alone or in concert passively transfer disease activ-
ity to naive animals. Using well-defined antigens, or specific peptides derived from these anti-
gens, further studies in animals have indicated that CD4+ T cells displaying a Th1-like cytokine
profile are critical for disease expression, whereas CD4+ T cells expressing Th2-type cytokines
may be protective. Of particular note for the subject matter of this chapter is the observation
that animals that display a relapsing-remitting course show a switch in the predominant myelin
antigen to which they respond as the disease progresses, a phenomenon known as epitope
spreading, and for which there is now compelling evidence that this reflects de novo sensitiza-
tion to myelin and possibly nonmyelin antigens within the inflamed CNS.%#

These data have led to the concept that MS may represent an autoimmune disease mediated
by T cells directed against myelin antigens, perhaps exacerbated by the presence of antibodies
directed against the same or even different myelin-specific antigens. However, subsequent studies
showed that myelin autoreactive T cells can be found in the circulation of most healthy indi-
viduals, raising the possibility that in MS it is a failure of normal immunoregulatory circuics
that keep autoreactive T and B cells in check, which leads to discase expression.>*

Autoimmune responses could, therefore, account for the myelin and oligodendrocyrte loss,
but at the present time autoimmune responses have not been implicated in inidating the ax-
onal loss. Rather, this is thought to reflect the severity of the inflammatory response and the
formation or release of toxic factors, such as peroxynitrites and glutamate, within the lesion.

The question that arises in the context of this current volume is how might heat shock
proteins (HSP) contribute to the pathogenesis of MS? The term HSP covers a number of
different families of proteins that are generally classified according to their molecular weight.
Although historically defined by their upregulation in response to heat or stress, the constitu-
tive expression of some HSP during embryogenesis and in the adult suggest a role in normal
development and differentiation. HSP participate in protein synthesis and in the organization,
structural stability, and anchoring of the cytoskeleton in both stressed and unstressed cells.
These associations, mediating correct assembly and stabilizing proteins at times of vulnerabil-
ity to denaturation, while not becoming integral components of the mature assembled struc-
tures, has earned them the designation of molecular chaperones or chaperonins.

Certain HSP, 1palrticularly HSP60 and HSP70, have been found to elicit strong immuno-
logical reactions.!’ In many bacterial and parasitic infections, these proteins are significantly
upregulated following invasion of the host, and immune responses against them are common.
The fact that these HSP of bacterial and parasitic origin share significant sequence homology
with mammalian HSP has suggested that the expression of these proteins on stressed host cells
may contribute to the development of autoimmunity.®'2 In this review, we will focus on the
data that support a potential role for HSP in the immune and inflammatory responses that
contribute to MS and/or its animal model experimental autoimmune encephalomyelitis (EAE).
Most of these data have been collected for members of the 27 kD/a-B crystallin, 60 kD and 70
kD families, and this review will be focused on these HSP. This is not to say that other HSP
such as gp96 are not involved in MS or its animal model EAE,'? but that at the present time
there is less information that supports such an involvement.

The Small Heat Shock Proteins

In mammalian cells the small heat shock proteins represent a relatively small family of
proteins with molecular weights of 20-28 kD in mice and 20-28 kD in humans.'*'> The aB
crystallin of the lens has been shown to share significant sequence homology with HSP27 and
is considered a member of this family. The small HSP are expressed constitutively in a pre-
dominantly nonphosphorylated form in many cell types and as a multimeric 200 to 800 kD
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complex found in the perinuclear region of the cell. Following heat stress, the genes are in-
duced and large protein aggregates of 800 to 2000 kD MW form that translocate to the nucleus,
as well as to the cytoskeleton. Following stress, small HSPs are also rapidly mono- or
diphosphorylated by steciﬁc serine protein kinases, with downregulation occurring by specific
protein phosphatases. !>

Interest in a role for the small HSP, and in particular 0B ctystallin, in MS pathogenesis first
surfaced in 1995 with the obsetvation by van Noort and colleagues that myelin isolated from
MS tissues, but not from normal brains, elicited responses in T cells from both MS parients
and controls.'” The most highly immunogenic protein associated with this myelin preparation
obtained from MS lesions was identified as aB-crystallin. Immunohistochemical examination
of MS lesions then revealed the presence of elevated expression of aB-crystallin in both oligo-
dendrocytes and astrocytes in association with the lesion, particularly at the lesion edge, that
was not found in comparable cell populations in normal appearing white matter. In eatly le-
sions, intense immunoreactivity was predominantly localized to oligodendrocytes whereas in
older lesions, reactive astrocytes were the most prominently stained. The authors concluded
that aB-crystallin represents an immunodominant antigen for human T cells when expressed
at the elevated levels found in active MS lesions.!”

Since that original observation, several publications from both this same group of investiga-
tors, as well as from others, have provided strong additional support for a role for aB crystallin
in the pathogenesis of MS.'824 For studies that have directly examined MS tissues, perhaps the
most compelling data come from analyses of both mRNA and protein expression using a vari-
ety of techniques. Using semi-quantitative immunoblotting techniques and antibodies that
recognize HSP27 and aB-crystallin, levels of HSP27 were found to be increased over that
detected in normal controls, with the greatest increases found in active plaques. In contrast, in
tissues extracted from normal appearing white martter adjacent to the MS lesions, levels were
comparable to that found in normal brain tissues.>>?® For these lesions, immunoreactivity was
predominantly localized to reactive astrocytes, endothelial cells and axons at the lesion edge. In
active lesions, hyperplastic interfascicular oligodendrocytes at the lesion edge were also immu-
noreactive. Perhaps of even greater interest was the observation that pronounced expression of
HSP27 was also found in myelin isolated from MS plaques but not in myelin isolated for
normal control tissue—strongly supporting the original data of van Noort and colleagues.”’
Thus, white matter undergoing immune-mediated destruction in MS lesions has been associ-
ated with altered distribution and expression of HSP27. A similar increased immunoreactivity
for aB-crystallin has also been noted in Alzheimer tissue, as well as other neurodegenerative
diseases, suggesting that this effect is not specific for MS but can also be found in other
neurodegenerative conditions.’

The special sensitivity of oligodendrocytes to stress situations and an associated upregulation
of aB-crystallin has §a’med further support from recent in vitro studies using inhibitors of the
ubiquitin pathways.”® These data show that in cultured oligodendrocytes proteasomal inhibi-
tion leads to the ubiquitination of tau and its association with aB crystallin, forming aggregates
in the cell cytoplasm. As such, these aggregates resemble those found in oligodendrocytes in a
number of neurodegenerative diseases of the CNS, as detailed elsewhere in this volume

Support for increased expression of small HSP in MS has also come from microarray analy-
sis of RNA extracted from active MS lesions. In these lesions, aB-crystallin was found to be the
gene with the highest (approximately 10-fold) transcriptional upregulation in MS brains when
compared to normal brain tissues.?” In our own studies, we have found a similar upregulation
of aB-crystallin in RNA samples derived from the edge of chronic-active lesions (unpublished
observations).

The precise role that small HSP may play in disease pathogenesis, however, remains unclear.
Several attempts have been made to induce an EAE-like disease in rodents using aB-crystallin
as antigen. These studies have underscored the immunogenicity of aB-crystallin for T cells,
and have defined the immunodominant epitopes for Lewis rats, SJL mice and Biozzi ABH
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mice.>® However, none of these epitopes induced an encephalitogenic response in naive ani-
mals, except for the cryptic epitope 1-16 in Biozzi mice. The authors ascribe this result to the
normal tolerizing mechanisms that prevent the induction of EAE by the widely expressed
oB-crystallin in normal tissues, and suggest that in contrast the cryptic epitope can circumvent
these mechanisms and contribute to pathogenic myelin-directed autoimmunity following T
cell activation.?® It is important to note, however, that in mice sensitized with myelin oligoden-
drocyte glycoprotein (MOG) the authors detected a strong T cell response to aB crystallin
during the chronic phase of MOG-induced EAE. Since these responses were not detected
during the acute phase of the disease, the data support the conclusion that T cell sensitization
to this protein develops as myelin damage accumulates. Thus, whereas small HSP may not be
able to directly elicit an encephalitogenic response, the data strongly support the conclusion
that with time and exposure to damaged myelin these responses do develop and could contrib-
ute to the more chronic, destructive phases of the disease.?® This is difficult to demonstrate in
vivo burt perhaps specific tolerogenic interventions, that have been used to document other
instances of determinant spreading could be used to substantiate this possibility.®!

In an interesting extension of this work, studies by Starckx and colleagues have found that
oB-crystallin is a substrate for gelatinase B (matrix metalloprotease -9).%? These authors showed
that digestion of aB-crystallin with this enzyme generated the immunodominant epitopes, as
well as cryptic epitopes, known to elicit T cell responses in rodents.*® Since MMP9 is known to
be potently upregulated at sites of inflammation, including in MS lesions,>>** this interaction
could lead to the generation of epitopes capable of activating T cells present within demyelinat-
ing and inflammatory MS lesions.

The HSP60 Family

Members of this family are widely distributed in nature and homologues have been identi-
fied in most living organisms.®!23> Antibodies that are unique for the bacterial and mamma-
lian forms have been developed, but cross-reactive epitopes have also been observed. In mam-
malian cells, constitutive expression of HSP60 is predominantly located to mitochondria, where
it plays an essential role in the folding and assembly of transported proteins into the mitochon-
drion in an ATP-dependent manner.3® Following heat shock or exposure to stress HSPGO is
significantly upregulated and may show altered distribution in the cell, including expression on
the cell membrane.”’

A potential role for immune responses to HSP60 in inflammatory demyelinating diseases
of the CNS was first proposed by Mor and Cohen.?® In an analysis of antigen responses of T
cells isolated from the CNS of animals with EAE they noted that many of these T cells re-
sponded to HSP60. Of particular note was the observation that even in animals sensitized by
the passive transfer of MBP-reactive T cells, HSP60 reactive T cells could be detected in the
CNS. These data strongly suggest that de novo sensitization to HSP60 occurred within the
inflammarory infilerace.

A role for T cells responding to HSP60 in disease pathogenesis has also been proposed in
animal models of arthritis and diabetes.'? In adjuvant arthritis induced by sensitization with
heat killed mycobacteria, autoaggressive T cells can be shown to recognize both mycobacterial
HSPG65 and cartilage glycoproteins. Perhaps the most convincing data that supports a patho-
genic role for these cells in disease expression come from studies using a mzcobacterial HSP65
in a tolerogenic protocol, which fully protected against adjuvanc arthritis.*

Perhaps somewhat surprisingly, however, it has historically proved difficult to demonstrate
T cell responses to HSPGO in patients with MS within either the af or ¥8 T cell populations,
at least when using proliferation as a read-out of T cell reactivity.®* In contrast, other studies
have documented the presence of anti-HSP60 antibodies in both the CSF and serum of af-
fected individuals.*"*? Antibody titers have been found to show a high degree of correlation
with the extent of disability, as determined by the Kurtzke disability score, and to increase
with chronicity.
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Using antibodies specific for both the mammalian and mycobacterial forms of HSP60/65,
several studies have investigated whether altered levels and or distribution of these proteins are
evident in MS lesions. Using immunoreactivity in mitochondria as an indicator of successful
and appropriate staining, these studies have shown enhanced expression in astrocytes, oligo-
dendrocytes, microglia, endothelial cells and inflammatory cells in lesioned areas of the brain.*0
A similar distribution has been noted in EAE, with increased expression observed on glial
elements in the chronic phase of the disease.*” Semi-quantitative immmunoblotting confirmed
a small but significant increase in HSP60 during the chronic phase in some of the animals.
These data support the conclusion that in EAE, although HSP60 is not markedly upregulated
on CNS elements during the acute phase of the disease, with a more persistent exposure to
stress HSP60 can be observed on glial cells adjacent to the lesion, as well as on debris-laden
macrophages, similar to what has been found in chronic-active MS lesions.*?

As noted earlier, in addition to immunoreactivity localized to mitochondria, staining was
also detected within the cytosol at inflamed sites. That at least some of this immunoreactivity
represents expression at the plasma membrane has been supported by analysis of membrane
preparations isolated from inflammatory infiltrates.?” This expression of HSP60 on the surface
of inflammatory cells is consistent with reports that HSP may be present on the cell membrane
of stressed macrophages and virus-infected leukocytes, where it could function as a target of
activated T cells.® This has now been convincingly demonstrated by Kaufmann and colleagues
using cytotoxic activity as a read-out for T cell responses.™

This observation also raises the possibility that cell-membrane expression by immunocom-
petent cells could lead to down-regulation of the immune response through the action of cyto-
toxic T cells directed against this epitope. This possibility has now been investigated in depth
by Cohen and colleagues.®> In their early studies of regulatory pathways involved in EAE, these
authors showed that vaccination using formalin-fixed encephalitogenic T cell lines or clones
could protect against EAE. Although it was well established that EAE-effector T cells needed to
be activated prior to transfer to initiate disease, this group of investigators showed that T cells
used for vaccination against EAE also needed to be in an activated state, since resting T cells
provided no protection. Dissection of the nature of the antigen(s) thart elicited this response
showed that it was complex. One response was directed against the idiotope of the TCR
(anti-idiotypic), showing antigen-specificity for the response. But activated T cells that were
not sensitized to myelin were also found to provide significant protection. This response to
activated T cells was named an anti-ergotypic response. Ongoing studies by this group have
found that ergotopes are diverse molecules, but include the TCR, the high-affinity IL-2 recep-
tor CD25, and HSP60, and have been found to reside within both the aff and ¥ T cell popu-
lations.*> The specific mechanism by which these cells serve to down-regulate ongoing im-
mune responses remains to be fully defined, and may differ depending upon which specific T
cell subset is involved, but include cytotoxic activity and release of regulatory cytokines such
IL-10 and TGFp. Regulatory T cell clones or lines can be derived that can be boosted by
specific stimulation with isolated ergotypic molecules and which are capable of
passively-transferring regulatory activity to naive recipients.”> However, these regulatory T cells
are themselves subject to regulation and may become anergic or die after interaction with
effector T cells. Thus, determining the appropriate conditions that result in the survival and
retention of functionality of these T cells is of some considerable interest for management of
diseases of possible autoimmune etiology such as MS.

HSP may also contribute to the immune/inflammatory response through activation of the
innate immune response. Several studies have now documented a role for HSPGO as a ligand
for toll-like receptors (TLR) 2 and 49649 These studies have shown that binding of labeled
HSPGO to cells of the monocyte/macrophage series, which are the major sites of TLR expres-
sion, could be blocked by unlabeled HSP60, but not by HSP70, HSP90 or gp96, all of which
share the a2-macroglobulin binding sites.¥” Further support for a role for TLR in macrophage
activation by HSPG0 has come from studies in C3H/He] mice, which carry a mutant TLR4,
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and which were found to be unresponsive to HSP60.%8 Although the exact nature of the inter-
action berween TLR2 and 4 with HSP60 in this response is still under investigation, it would
appear that mammalian as well as microbial HSPs can function in this regard.”® Activation of
TLRs leads to the generation of a wide range of cytokines, chemokines and other factors that
are strongly proinflammatory, but which also play an important role in shaping the acquired
immune response through effects on dendritic cells and in shaping the cytokine profile of
antigen-reactive T cells involved in the acquired immune response. These data would fit well
with the “danger hypothesis”, which proposes that for effective activation of the immune re-
sponse, danger signals are required that act as triggers for activation of the acquired immune
response.’! Expression of self-HSP, such as HSP60 and perhaps 70, on the cell surface could
potentially function in this regard through activation of TLR.

The HSP70 Family
This family is composed of multiple members, all of which bind ATP, but which differ in

their localization within the cell as well as in their antigenic properties. Some members are
expressed constitutively and show little or no response to heat or stress, whereas others are
barely detected in resting cells but are rapidly and markedly upregulated by heat and/or stress.
The major constitutive form is now known as HSC70. It has a MW of 73 kD and is found
within the cytosol and nucleus, and is only moderately upregulated by stress. The major induc-
ible form is now called HSP70. It has a MW of 72 kD, and functions as a regulator of tran-
scription as well as a molecular chaperone. Like HSP60, members of the HSP70 are found in
most living organisms, and in bacteria are found in association with the cell membrane.

In a study of immunoreactivity to HSP70 in patients with MS, Salvetti and colleagues
observed an increased response to mycobacterial HSP70, which was not observed when bacte-
rial HSP65 was used as the antigen.’>>® A similar increased proliferation to mycobacterial
antigens was detected in lymphocytes within the CSF by Birnbaum et al, which was not found
in lymphocytes isolated from matching peripheral blood samples.>*> In agreement with the
results of Salvetti et al,> they also failed to detect a comparable response to mycobacterial
HSP65. Further studies by Stinissen et al suggested that the increased responses to mycobacte-
rial HSP70 might preferentially reside within the minor ¥8 T cell population rather than in the
major lymphocyte population that expresses the aff T cell receptor.”® This possibility has also
received independent support in our own work, where we detected an oligoclonal pattern to
the TCR expressed only in the V82]83 subset in MS patients, which was not present in ¥6 T
cells isolated from patients with OND or healthy controls.”” The link with a response to HSP70
came with an analysis of TCR usage in T cell lines isolated from the peripheral blood of MS
patients and patients with tuberculosis using mycobacterial HSP as antigen. The data showed
that the sequence of the V52]83 TCR in the T cells lines rcspondinﬁ to HSP70 was identical to
thar found in this same subset of ¥5 T cells in MS brain lesions.’” Taken together, these data
suggest that, at least for this very minor subset of T cells, that they are responding to HSP70.

Further support for HSP70 in the activation of T cells responses in MS has come from
studies of its role in antigen presentation of myelin basic protein (MBP). As we have reviewed
previously,®® several members of different HSP families have been implicated in the
antigen-presentation pathway, either by interacting with antigenic peptides during antigen
processing, or during the assembly of the MHC-antigen complex, or by functioning as
antigen-presenting molecules themselves.®> HSP are known to deliver proteins to lysos-
omes for degradation and may thus facilitate the delivery of peptides to MHC molecules.
Consistent with this hypothesis are the observations that peptides representing self-HSP70
can be found bound to MHC class Il molecules during the biosynthetic pathway.*®® Similarly,
with peptides that bind to class I MHC, HSP have been pro;)osed to constitute a “relay line”
by which peptides are transferred to MHC class T molecules.”®*° As noted above, members of
the HSP70 family have been particularly implicated in these events. Recently, we have been
able to identify an important role for HSP70 in the processing and presentation of myelin
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antigens, particularly myelin basic protein (MBP), to myelin-reactive T cells. In the first set of
experiments, we demonstrated that HSP70 associated with MBP and proteolipid protein
(PLP) in MS brains.®! In all samples of MS brains examined, coimmunoprecipitation studies
demonstrated a direct association of MBP with HSP70 but not HSP90. In some brains asso-
ciations between PLP and HSP70 were also found, but interactions between MOG and HSP70
was not detected. In striking contrast to the data obtained with the MS samples, no interac-
tion between these myelin proteins and HSP was detected in normal brain samples. A similar
data set was obtained for brain tissue isolated from mice sensitized to develop EAE when
compared with tissue samples from normal control brains.’! Specific binding of MBP to
HSP70 in vitro was then documented using surface plasmon resonance spectroscopy. Of par-
ticular note was the observation that MBP complexed with HSP70 was taken up more avidly
by antigen-presenting cells (APC) than MBP alone.

To follow-up on this observation, we then addressed the role of these HSP70/MBP com-
plexes in the activation of T cells.®? The results of these studies showed that the association
between HSP70 and MBP in APC was ATP/ADP dependent, and could be detected as a
complex within the endocytic pathway using confocal imaging. Surface plasmon resonance
spectroscopy further showed that interactions between HSP70 and MBP specifically involved
the immunodominant epitopes (85-99 and 80-99 for HLA-DR2). Using an MBP-specific T
cell hybridoma, the functional significance of this interaction was assessed. The data showed
thae: 1) interactions between HSP70 and MBP enhanced proliferation responses over MBP
alone when either full-length MBP or the elongated 80-99 peptide was used in the complex
but not when MBP85-99 peptide was used, 2) the response showed MHC class II specificity,
and 3) reduced levels of HSP70 within the cell also reduced T cell proliferation.®? These data
indicate that the critical interaction between HSP70 and MBP relates to processing of MBP
rather than to presentation per se. Finally, the importance of this association was further dem-
onstrated in transfection experiments using vectors encoding either MBP protein or
HSP70-MBP or HSP40-MBP. The data showed that although transfections with MBP and
HSP-MBP fusion proteins yielded similar kinetics, a significantly increased response to APC
expressing the HSP70-MBP fusion protein but not the HSP40-MBP fusion protein or MBP
alone was observed. Since HSP40 functions as a cochaperone for HSP70 and is a member of a
closely related family, these data serve to underscore the specificity of the reaction with HSP70.
Taken together, these data strongly suggest that aberrant self HSP expression may lead to the
enhancement/modulation of autoimmune responses through MHC class I1.62

In MS lesions, the distribution of HSP70 grotein has been assessed using semi-quantitative
western blotting and immunohistochemistry.%3 Surprisingly, the western blot data showed that
levels of HSC70 were reduced by 30 to 50% over that found in normal brain tissue, whereas
levels of HSP70 remained unchanged. However, the data also showed that HSC70 comprised
almost 2% of total brain protein with levels slightly higher for grey matter (2.1 £ 0.54%) than
white matter (1.64 + 0.16%). These data suggest that HSC70 is an important component of
normal brain function and that the lower levels of HSC70 detected in MS tissues might reflect
the loss of brain function in diseased/degenerating tissues.

This raises an important issue. In most of this review, we have focused on the potential role
of HSP as antigens that could contribute to immune-mediated diseases. However, HSP were
first recognized for the protective effect that they provided against various kinds of insults. So,
for example, it has been shown that HSP can protect against TNF-mediated toxicity. In WEHI
cells, HSP70 has been shown to protect against cytokine-mediated toxicity by interfering with
the activation of phospholipase A2.%* Feinstein and colleagues have also shown that induction
of HSP70 in astrocytes reduces activation of the inducible form of nitric oxide synthase, a
cytokine responsive gene in these cells.5> Thus, HSP70 activation may serve to limit the pro-
duction of proinflammatory and neurotoxic factors in the CNS.%%¢” Consistent with this are
several in vivo studies that have shown that expression of HSPs can protect against diseases that
have an inflammatory or neurodegenerative pathogenesis.®®*%? Loss of HSC70 in MS lesions
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may, therefore, reflect loss of a protective factor against cytokine-mediated tissue damage. Nev-
ertheless, HSP70 can be detected in MS lesions particularly in association with myelin profiles
in the lesion center, and in reactive astrocytes at the border of chronic-active and chronic-silent
lesions. More recently, mutations in the small heat shock proteins HSPB1 and HSPB8 have
been shown to show associations with some distal motor neuropathies, indicating that these
proteins likely play an important role in the normal functioning of neurons and/or axons. HSPBI,
can also suppress the toxic effects of the polyglutamine protein, huntingtin, and decrease the
levels of reactive oxygen species produced as part of the response to this toxic protein.!® Taken
together, these data show that a protective role for heat shock proteins cannot be ignored.

Concluding Remarks

In this review we have briefly touched upon the potential role of certain families of HSP in
MS. What the specific role of each of these proteins play in disease expression is difficult to say
with certainty, but both protective and pathogenic mechanisms are likely. The beneficial effects
could include not only protection against various kinds of potentially toxic factors, but also
mechanisms for down regulation of the immune response. Harmful effects might include the
formation of additional antigenic rargets that might contribute to the development of chronic
disease. In our previous review of this subject we raised the question as to why, given the
universality of the stress response, other neurological diseases in which altered expression of
HSP have also been noted, such as Alzheimer’s and Parkinson’s diseases, do not show an in-
flammatory response against these proteins. At that time we suggested that it was possible to
envision that in the context of an ongoing immune response, altered expression of HSP could
have different outcomes from those that would follow altered expression in noninflammatory
conditions.® Today, perhaps, it is casier to recognize similarities between these disease states
than was recognized previously. Inflammatory processes are now considered to be part of the
underlying pathogenesis of both Alzheimer's and Parkinson’s diseases, and conversely, in MS
axonal degeneration and gray matter loss are increasingly recognized as important correlates of
chronic disease. A reexamination of the status of HSP in these different neurodegenerative
diseases is, therefore, timely and this volume provides an opportunity to bring these disparate
data sets together, which may hopefully provoke new and provocative ideas relevant to the role
of these factors in neurodegenerative CNS disorders.
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